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ABSTRACT
Polyaphrons are a kind of macroemulsion. The most distinctive feature of
polyaphrons is their high stability. On the other hand, certain polyaphrons can be
effectively destabilized by multivalent ions. In this dissertation, we devise a novel
procedure that utilizes the fact that polyaphrons can be destabilized by certain ions to
deliver light chemicals to lower the density of dense non-aqueous phase liquid (DNAPL)
contaminants in situ.
We first investigate how the stability of diluted polyaphrons is affected by the
properties of the continuous phase. We find that polyaphrons can be destabilized by a low
concentration of Al3+ or Ca2+ in the continuous phase while the cations have a stabilizing
effect at high concentrations. Our results suggest that upon dilution polyaphrons may
experience a structure transition, i.e. from bilayer structure to mixed monolayer structure.
We examine the efficiency of our novel procedure on removing 1,2-dichlorobenzene
(DCB) from a sand column. The results show that our procedure effectively prevents
downward migration of DCB during surfactant flooding. Depending on the injection
strategy and initial distribution of DCB, as mush as 97% of the DCB entrapped in the
sand column is removed, most of which is in a bulk organic phase lighter than water.
Since the coalescence between aphrons is a crucial step in the polyaphron treatment,
we develop a boundary element method (BEM) model to study the coalescence behavior
of a pair of drops of equal size in a constricted tube. Our simulations show that the
capillary number Ca plays an important role in determining whether the drops coalesce.
At low Ca, drops hardly deform and coalescence occurs at the entrance of the pore throat,
whereas significant deformation enables the drops move through the pore without
ix

coalescence at high Ca. Coalescence is favored at intermediate values of the viscosity
ratio. The destabilizing effect of added electrolytes is found to be insignificant for the
drop interaction for 10 micron-size drops, but significant for micron-size drops. Among
the geometric-related parameters, the drop/pore size ratio appears to be the most
significant: coalescence does not occur when this ratio is equal to or below unity.
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CHAPTER 1
INTRODUCTION
Aquifer contamination caused by non-aqueous phase liquids (NAPLs) is a serious
environmental problem worldwide (Domenico and Schwartz 1990, Mercer and Cohen
1990, Pankow and Cherry 1996). The solubility of most common NAPL contaminants in
water is usually very low, the typical value of which ranges from 0.1 to 5 g/L
(Vershueren 1983, Mercer et al. 1990). In addition, the transport of NAPL molecules
from the NAPL phase to the contacting aqueous phase is usually slow (Hunt et al. 1988,
Powers et al. 1991, Powers et al. 1992). Combined with other factors such as irregular
NAPL distribution and nonuniform ground water flow patterns, the concentration of
NAPLs in ground water is often found to be below 10% of its solubility (Schwille 1988,
Pennell et al. 1993), meaning that even the presence of small amounts of NAPL in an
aquifer poses a major threat to human health for decades or longer. Compounding the
problem, the low solubility of NAPLs and the rate-limited mass transfer between the
NAPL and water phases limits the potential of conventional pump-and-treat technology
for the remediation of NAPL-contaminated aquifers (MacKay and Cherry 1989, Fountain
et al. 1991).
NAPLs can be divided into two groups depending on their densities: those lighter
than water are called light non-aqueous phase liquid (LNAPL) and those denser than
water are called dense non-aqueous phase liquid (DNAPL). Compared to LNAPLs,
DNAPLs compose a more serious threat to the subsurface environment. After entering
the unsaturated zone, LNAPLs typically move downward until they reach the top of
saturated zone, along which they spread and form a lens of free product. On the other
1

hand, DNAPLs tend to sink through the saturated zone under gravitational forces,
subsequently are entrapped in the soil matrix by capillary forces in the form of blobs and
ganglia. If their size is large enough, DNAPLs can reach the top of non-permeable area
and pool there.
Chemical flooding using surfactants and alcohols has proved to be effective in
treating LNAPL contamination at both the laboratory and field levels (Pennell et al. 1994,
Martel et al. 1998a, Martel et al. 1998b, Jawitz et al. 2000, Gupta and Mohanty 2001,
Taylor et al. 2001). These methods often employ one or both of the following two
mechanisms: 1) solubilization and 2) mobilization. Surface-active molecules can increase
the apparent solubility of NAPLs in water, resulting in enhanced solubilization, and can
also reduce the interfacial forces between NAPLs and water, thus removing the capillary
barrier that immobilize NAPLs in the soil matrix. In general, mobilization is more
efficient since it removes NAPLs as a separate phase and requires a smaller amount of
flooding chemical. When dealing with DNAPL, however, mobilization represents a more
serious danger, as the DNAPL may migrate deeper into the subsurface upon the
elimination of capillary barrier. It was reported that even a microemulsion of solubilized
DNAPL can be heavier than water and migrate in downward direction (Kostarelos et al.
1998).
To address this concern, density modification methods aim at reversing the density
difference between the DNAPL and aqueous phases, which can be achieved by lowering
the density of the DNAPL phase, increasing the density of the aqueous phase or a
combination of both. Compared to increasing the density of the aqueous phase with brine
(Miller et al. 2000, Hill et al. 2001), which is not economically feasible in real subsurface
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environments, manipulating the density of the DNAPL phase appears to be more
promising. Some researchers have used mixtures of water and alcohol that are lighter
than water and can strongly partition into the DNAPL phase to manipulate the density of
the DNAPL phase (Ramsburg et al. 2002b, Roeder et al. 2001). Although these authors
reported successful density difference reversal, several issues (e.g., the loss of densitymodifying agent due to dispersion under realistic aquifer conditions) need to be solved
before application.
Polyaphrons are a kind of macroemulsion. Like other macroemulsions, they contain
a continuous phase, usually water, and a dispersed phase, usually an organic that is barely
miscible or immiscible with water. There is a water-soluble surfactant in the aqueous
phase and an organic-soluble surfactant in the organic phase. Polyaphrons can be formed
by gradually adding the dispersed phase into a stable foam generated by continuously
stirring the aqueous phase. Polyaphrons with certain compositions can be stored over a
long period of time without any noticeable coalescence. On the other hand, multivalent
counter-ions can effectively break polyaphrons stabilized by ionic surfactants, e.g.
polyaphrons stabilized by anionic surfactants can be broken by Al3+ (Sebba 1987).
These characteristics of polyaphrons make them an ideal choice for density
modification purposes. This potential application of polyaphrons, however, was not
explored before as far as we know. In such a novel procedure, polyaphrons made with
light organics, or solutions of polyaphrons, which are termed “colloid liquid aphrons
(CLA)”, can be injected into the contaminated zone, followed by a destabilizing
polyvalent counter-ion solution. Under ideal conditions, the destabilized polyaphrons will
coalesce with DNAPL and lower its density. This method has several advantages over the
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other methods: (1) one has a wide range of choice over the light organic; (2) the density
modification is irreversible since the light organic is insoluble in water and (3) the density
of the DNAPL phase can be reduced to a value much lower than that of water, as this
process is not limited by equilibrium conditions.
The destabilization of polyaphrons in porous media greatly depends on system
parameters such as the flow rate, the droplet/pore size ratio and the concentration of
electrolytes in the continuous phase. While it is difficult to experimentally investigate the
influence of these factors, numerical simulation can provide some insight into this issue.
The boundary element method (BEM) has been widely applied in various problems
where multiphase flow in porous media are involved (Bazhlekov et al. 2000, 2004, Li and
Pozrikidis 1996, Loewenberg and Hinch 1997, Zhou and Pozrikidis 1994, Zinrenko and
Davis 2002). Compared with methods involving finite elements, BEM can reduce the
dimension of the problem by one since one only needs to consider the variables on the
boundary, hence substantially saving computational cost.
In this work, we first examine the stability of CLAs with varying concentration of
the added electrolyte in the continuous phase. The influence of the concentration of the
aqueous-phase surfactant is also investigated. The optimum condition to destabilize
CLAs is determined. We also measure the viscoelastic properties of polyaphrons, namely
the storage modulus ( G' ). Results from above experiments help improve our
understanding of the structure of polyaphrons, which remains unclear since the term
“polyaphron” was introduced.
In order to determine if our novel method is capable of modifying the density of the
DNAPL phase entrapped in porous media, vertical flow experiments are conducted in a
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sand column. 1,2-dichlorobenzene (DCB), which is often encountered in contaminated
sites as a chlorized solvent, is chosen to represent the DNAPL phase. We use CLAs made
with hexane and Al(NO3)3 solution to promote density difference reversal. Whether
density difference reversal is achieved or not is examined by mobilizing DCB with
surfactant flooding. Various injection strategies are tested for their efficiency.
We also develop a two-dimensional BEM model to qualitatively study the effect of
various system parameters on drop coalescence in porous media, which is represented by
a constricted capillary tube. As far as we know, this is the first numerical work on this
issue. In a typical simulation, a pair of spherical drops of equal size is released at
upstream end of the constriction and their behavior, mainly if they coalesce or not, is
monitored as they approach the constriction throat. The distance between the droplets is
measured in each time step and is compared to a critical value to determine if coalescence
occurs. The effects of the interfacial tension, the drop/continuous phase viscosity ratio,
the concentration and type of the added electrolyte and geometric-related parameters are
investigated.
This dissertation is organized as follows. Chapter 2 gives background information
and a review of literature. Chapter 3 gives the results of stability and rheological
measurements of polyaphrons. In chapter 4, the setup and results of flow experiments are
described, while in chapter 5 the formulation of the BEM model and results of numerical
simulations are presented. Chapter 6 summarizes this work and gives the conclusions and
a view on the direction of future work.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
2.1 Aquifer Remediation
2.1.1 Aquifer Contamination and Its Remediation
The contamination of aquifer caused by NAPLs, which include organic solvents and
many petroleum products, has become a major threat to the subsurface environment both
in the United States and worldwide (Domenico and Schwartz 1990, Mercer and Cohen
1990, Cole 1994, Pankow and Cherry 1996). NAPLs usually enter the subsurface
environment as a result of accidental chemical spill, fuel leak or degreasing process. With
the flow of ground water, a contamination plume containing dissolved NAPLs will form
and spread downstream. In most cases, the remediation of contaminated sites is very
costly. For a typical site, the remediation cost per acre is estimated to be between 1.2 and
7.5 million dollars (Lowe et al. 1999).
Most common NAPL contaminants are insoluble or have a low solubility in water,
the typical value of which ranges from 0.1 to 5 g/L (Vershueren 1983, Mercer et al.
1990). The transport of NAPL molecules from the NAPL phase to the contacting aqueous
phase is usually slow (Hunt et al. 1988, Powers et al. 1991, Powers et al. 1992), and,
because of other factors such as the irregular distribution and nonuniform ground water
flow patterns, their concentrations in ground water rarely exceed 10% of their solubility
(Schwille 1988, Pennell et al. 1993). Therefore, even a fairly small amount of NAPLs
poses a significant threat to the subsurface environment for decades or even longer.

6

Unsaturated zone

Saturated zone

Figure 2.1 The fate of NAPLs in subsurface environments (Yong 2001)
NAPLs can be categorized into two groups depending on their densities relative to
water: light non-aqueous phase liquids (LNAPLs), which are lighter than water, and
dense non-aqueous phase liquids (DNAPLs), which are denser than water. Because of
their difference in density, LNAPLs and DNAPLs experience different fates in the
subsurface, as illustrated in Figure 2.1. Once NAPLs have entered the subsurface, they
typically migrate downward through the unsaturated zone under gravitational forces.
Because of the interfacial tension, a fraction or all of the contaminant is entrapped in the
soil pores in the form of globules or ganglia. If the amount is sufficiently large, the spill
can reach the saturated zone, beyond which its fate depends on a number of factors. In
general, LNAPLs tend to spread along the water table and to form a lens of free product
on the top of the water table. Occasionally, they can enter the saturated zone by vertical
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displacement caused by fluctuation of the water table. On the other hand, DNAPLs
usually migrate through the saturated zone until all of the contaminant is entrapped by the
capillary forces or reaches a low-permeability zone upon which it pools (Kueper et al.
1993). It is usually more difficult to locate and to target DNAPLs for remediation
because of their deeper position as compared to LNAPLs (Feenstra et al. 1996, Griffin
and Waston, 2002).
The most common method of NAPL-contaminated aquifer remediation is
conventional pump-and-treat technology. This method, which relies on the dissolution of
NAPLs, is to continuously flush the contaminated zone with water and to extract the
water for surface treatment. In most cases, because of the slow dissolution of NAPLs and
the large interfacial tension between NAPLs and water, pump-and-treat technology can
only provide plume containment rather than remediation, with the operation period
required to restore the aquifer being estimated as decades or even longer (MacKay and
Cherry 1989, West and Harwell 1992, Pankow and Cherry 1996).
Another containment method involves confining the contaminated areas by
impermeable material such as grout and/or slurry (Brown et al. 1998). This passive
method depends strongly on good characterization of the site, as well as good
construction practice. Successful remediation requires the wall to be installed at proper
positions so that the contaminant plume can be effectively intercepted.
Compared to these containment methods, where long-term site monitoring is usually
indispensable, the removal of the NAPL source is more desirable. Two examples of
removal techniques are permeable reactive barriers (PRBs) and thermal treatments.
Although the former has been shown to be effective in treating plumes of NAPL
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(O’Hannesin and Gillham 1998, Warner and Sorel 2003), it still relies on the dissolution
of NAPLs and cannot achieve complete aquifer restoration in a short period of time.
Thermal treatments enhance the volatilization of the NAPL phase by steam injection or
electrical heating, but they are limited by the energy costs required for heating huge
volumes of ground water (Smith and Hinchee, Wickramanayake and Gavaskar 2000).
Chemical flooding, which employs surfactant and alcohol solutions in pump-andtreat systems, has been used to enhance the removal of NAPLs. In both laboratory and
field levels positive results have been reported (Pennell et al. 1994, Martel et al. 1998a,
Martel et al. 1998b, Jawitz et al. 2000, Gupta and Mohanty 2001, Taylor et al. 2001). The
improvement of removal efficiency can be attributed to: (a) enhanced apparent solubility
of NAPLs due to micellar solubilization; and (b) mobilization of NAPLs blobs and
ganglia due to the reduced interfacial tension between the two phases. The solubilization
process is usually rate-limited, whereas mobilization is instantaneous.
Although mobilization has been shown to be more efficient than enhanced
solubilization for NAPL removal (Pennell et al. 1994), precautions should be taken when
applying this method to DNAPLs, since the uncontrallable downward migration of
mobilized DNAPLs due to gravitational forces can significantly complicate the
remediation situation, which is demonstrated by various authors (Pennell et al. 1996, Yan
et al. 2003). Even when the DNAPL removal is dominated by enhanced solubilization,
the solubilized DNAPL can be denser than water and tend to move downward
(Kostarelos et al. 1998).

9

2.1.2 Density Modification Methods
To address the above concern, some researchers have proposed various alternative
methods to avoid promoting mobilization in chemical flooding where DNAPLs are
involved. For example, Longino and Kueper et al. (1995) and Lunn et al. (1997)
investigated the use of upward hydraulic gradients to capture downward DNAPL
migration in the presence of solubilizing surfactants; Imhoff et al. (1995) described the
use of alcohol solutions that do not promote DNAPL mobilization; Pennell et al. (1996)
suggested a lower limit for the reduction of interfacial tension to avoid mobilization.
Because mobilization is far more efficient than enhanced dissolution, it is desirable
to develop a method where DNAPL contaminants are mobilized but the risk of
downward migration is eliminated or is retained at a minimum level. One promising
method is in-situ density modification, i.e., lowering the density of the DNAPL phase,
increasing the density of the aqueous phase, or the combination of both. The aim of
density modification is to reverse the density difference between the DNAPL and
aqueous phases and thus eliminate the potential for downward migration after the
capillary barrier is removed.
One of the earliest attempts to manipulate the density of the DNAPL during
remediation process was made by Kostarelos et al. (1998). In their attempts to recover
trichloroethylene (TCE) from a two-dimensional sand pack by horizontal surfactant
flooding, they showed that, without iso-propanol, the solubilized TCE underwent
significant downward migration, whereas no significant downward migration was
observed with the addition of iso-propanol. One should note that, although the downward
migration appeared to be controlled in this work, the addition of iso-propanol only
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reduced the density of TCE emulsion to a value slightly larger that of water, i.e. from
1.028 g/L to 1.003 g/L. In addition, TCE was removed by solubilization only and no
mobilization was observed.
To control the downward migration of TCE during surfactant flooding, Miller et al.
(2000) and Hill et al. (2001) developed a density barrier technique, i.e., to modify the
density of the aqueous phase by highly concentrated NaI solution (60% wt.). In their onedimensional vertical flow experiments, the upward injection of NaI solution resulted in
direct displacement of TCE due to density difference. In two-dimensional horizontal flow
cell experiments, a layer of NaI solution was established at the bottom of the
contaminated zone as a density barrier that limited the downward migration of TCE
during surfactant flooding. Although the brine was shown to be an effective barrier to the
downward migration of TCE, this method required a huge amount of NaI solution to
increase the density of the aqueous phase, which might not be economical in practice.
From an ecological viewpoint, the use of highly concentrated NaI solution may pose a
new threat to the subsurface environment. Furthermore, the dispersive dilution in the
subsurface will likely prevent the NaI solution from maintaining a necessary
concentration and result in an ineffective density barrier.
Roeder et al. (2001) conducted experiments where the densities of both DNAPL and
aqueous phases were modified during cosolvent flooding. The flooding solution consisted
of tert-butanol, water, and a dense, water-soluble additive, which is either sucrose or
glycerol. The partitioning of tert-butanol into the DNAPL phase cannot convert the
DNAPL to an LNAPL by itself and the dense additive is required to increase the density
of the aqueous phase. In both of their one-dimensional horizontal column and two-
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dimensional horizontal sand-pack experiments, the density difference between the
DNAPL and surrounding aqueous phase was successfully reversed. At first the recovered
NAPL phase was denser than water but lighter than the flooding solution, and became an
LNAPL at the end of flooding. The volume of tert-butanol injection was 22.5 times larger
(for column experiment) and at least 38 times larger (for sand pack experiment) times
larger than the volume of the DNAPL phase. The concentrations of the dense additives in
the flooding solution were so high (39.5% v/v for glycerol and 15% v/v sucrose) that the
viscosity of the flooding solution was significantly increased, meaning that a large
pressure gradient had to be applied for injection. In addition, because the density
conversion was reversible, the NAPL phase had to be in equilibrium with alcohol in the
aqueous phase to keep its low density.
Lunn et al. (1999a, 1999b) described a method using upward gradient flow to control
the downward migration of DNAPL during alcohol flooding. Iso-butanol solution was
used as a preflood to reduce the density of tetrachloroethene (PCE) to a value of
approximately 1.0 g/ml, in order to diminish the potential downward mobilization during
the following alcohol flood (composed of 1-propanol/water or 1-propanol/ethylene
glycol). In their studies, the volumes of alcohol injection ranged from 6 to 61 times of the
total volume of PCE, corresponding to 1.2 % to 99.8% PCE removal.
The preflood strategy was also employed by Ramsburg and Pennell (2002a, 2002b)
in their two-dimensional flow experiments. They used 1-butanol solution to precondition
the contaminant and then used a flushing solution containing 1-butanol, surfactant and
water to displace chlorobenzene (CB) or TCE. For both CB and TCE, over 80 percent of
the DNAPL phase was removed as a separate phase with relatively small injection size
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(11 to 27 times larger than the contaminant). More importantly, the density of the NAPL
phase ranged from 0.90 to 0.96 g/L. In their latest work (Ramsburg et al. 2003), they
turned to a macroemulsion of 1-butanol as the preflood solution. The flushing solution
was still composed of 1-butanol, surfactant and water, but with less 1-butanol. Over 90
percent of the entrapped TCE, most of which was solubilized or converted to a
macroemulsion, was recovered using similar injection volumes.
In all of the above studies, large percentages of DNAPL recovery are achieved in
relatively short time frames without significant downward migration. These results
clearly show how promising the density modification method is as a DNAPL remediation
technology. However, there are some drawbacks that limit its application in real situation.
First, most of these methods use light organics that are soluble in water to adjust the
density of DNAPL phase, meaning that the concentration of the light organic in the
aqueous phase must be kept in equilibrium with that in the DNAPL phase during the
entire remediation. Otherwise, the organic will partition back into the aqueous phase and
the density of the DNAPL phase will rise again. As a result, very large volumes of the
flushing solution are required to negate the dispersive dilution of the light organics (e.g.,
the volume of light organics in a successful remediation is typically 20 to 60 times larger
than that of the contaminant). Furthermore, most of these methods are only capable of
lowering the density of the DNAPL phase to a value that is at best slightly lower than that
of water, therefore failing to convert the DNAPL to LNAPL in situ. Finally, it is worth
noting that some of these methods employ upward hydraulic gradients to capture the
mobilized DNAPL. Although this approach is successful in the laboratory level, it is
usually impractical to reproduce such a vertical hydraulic gradient in the field.
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2.2 Polyaphrons
2.2.1 Polyaphrons
The term “polyaphron” refers to a class of macroemulsions with distinctive features.
Like other macroemulsions, polyaphrons contain a continuous phase, usually water, and a
dispersed phase, usually organic. To obtain stable polyaphrons, the organic phase should
be barely miscible or immiscible with water, although Sebba (1987) reported that
polyaphrons could be made with methanol and water. Polyaphrons are stabilized by two
surfactants, one in the aqueous phase and the other in the organic phase. The organicphase surfactant is usually nonionic, while the aqueous phase one can be either ionic or
nonionic.
It is worth noting here the terminology that will be used in this dissertation.
“Polyaphron” is the original creamy and white phase, which is an aggregate of individual
“aphrons”; the term “colloid liquid aphron (CLA)” refers to diluted polyaphrons.
Polyaphrons can be formed by gradually adding the organic phase to a stable foam
of the aqueous phase by continuous stirring. Depending on the characteristics of the
organic phase and the surfactants, one can obtain polyaphrons with high phase volume
ratios (PVR), which is the ratio between the organic and aqueous phases. For example,
the PVR of polyaphrons made with hexane or octane can be higher than 32, with the
aqueous-phase surfactant being 4g/L SDBS (Lee et al. 2002).
The size of polyaphrons is typically in the range of 1 to 50 microns, and depends
strongly on the PVR and the concentration and nature of the organic-phase surfactant
(Sebba 1987). In general, the higher the concentration of the organic-phase surfactant, the
smaller the size of polyaphrons. The nature of the surfactant also profoundly influences
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the size. For example, for a polyaphron made with polyoxyethylene surfactant containing
nine oxyethylene groups, the mean size is submicrons, while the average size is around
10 microns with surfactants containing three oxyethylene groups. If lauric acid is used,
the average size of the polyaphron can be as large as 80 microns (Sebba 1987). The
addition rate of the organic phase also influences the size of polyaphrons with PVR
smaller than 10 (Matsushita et al. 1992).
The most distinctive feature of polyaphrons is their extraordinary stability. It was
reported by Zhang et al. (1996) that the size distribution of a polyaphron sample made
with kerosene did not change much during a period of 230 days, and no visible phase
separation was observed after 16 months. On the other hand, a number of methods can
destabilize polyaphrons (i.e., cause phase separation) (Sebba 1987). It is known that, for
polyaphrons stabilized by an ionic surfactant, multivalent ions carrying opposite charges
to those carried by the aqueous-phase surfactant can effectively destabilize them. In
addition, polyaphrons become unstable at high temperature due to the evaporation or
degradation of the organic phase.
The stability of CLAs depends strongly on the properties of the continuous phase.
The addition of electrolytes such as NaCl can make CLAs stabilized by sodium dodecyl
sulphate (SDS) or sodium dodecylbenzene sulfate (SDBS) coalesce by compressing the
electric double layer (Lye and Stuckey 1998, Scarpello and Stuckey 1999, Lee et al.
2002). CLAs stabilized by anionic surfactant become unstable at low pH value, whereas
those stabilized by cationic surfactant become unstable at high pH values (Lye and
Stuckey 1998, Lee et al. 2002).
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Utilizing their properties, in particular large interfacial area and high stability,
polyaphrons and CLAs have been successfully used in a number of applications,
including predispersed solvent extraction (PDSE), mineral flotation and biology
applications (Sebba 1985, Lye et al. 1996, Zhang et al. 1996, Lee et al. 2000, Hong et al.
2001). Recently, polyaphrons have also been used in new areas such as material
synthesis. In our lab, polyaphrons made with hexane containing 0.6% Tergitol 15-2-12
(v/v), and 4 g/L SDBS solution were successfully employed in a novel process developed
for the synthesis of nanoscale porous metal oxide structures. The applications of
polyaphrons were also reported in manufacturing polymer microspheres and porous
titania nanoparticles (McHerron et al. 1991, Jinhui et al, 2001).

2.2.2 Structure of Polyaphrons
According to Sebba (1987), polyaphrons can be distinguished from other highly
concentrated emulsions, or high-internal-phase-ratio-emulsions (HIPREs), by their
unique structure, which is shown in Figure 2.2(a). The organic core is encapsulated in an
aqueous shell and there is a pure monolayer of the organic-phase surfactant between
them. The aqueous shell is separated from the bulk aqueous phase by a bilayer of the
aqueous-phase surfactant. In polyaphrons, one monolayer and one bilayer of surfactants
are found at the interface between the discontinuous and continuous phase rather than one
monolayer in ordinary emulsions. It is proposed that this unique structure gives
polyaphrons their extraordinary stability.
To verify this proposed structure, several authors (Sebba 1979, 1987, Lye and
Stuckey 1998) examined polyaphrons with cryo- and direct microscopy and observed oil
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(a) Structure proposed by Sebba (1987)

(b) Structure proposed by Princen (1987)
Figure 2.2 Structure of an aphron
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cores surrounded by aqueous shells, which are separated from each other by a continuous
aqueous film. From their cryo-microscopic image of polyaphrons samples, Lye and
Stuckey (1998) estimated the thickness of the aqueous shell to be 10 to 30 nanometers.
Based on the fact that the stability of CLAs depends on the ionic strength and pH of the
continuous phase, they made an inference that at least there is a monolayer of the
aqueous-phase surfactant at the interface. Although the structure shown in Figure 2.2(a)
appears to be reasonable, no direct evidence was found to support the existence of three
layers of pure surfactant molecules. On the other hand, considering that polyaphrons
share many similarities with ordinary HIPREs, Princen (1987) refuted this structure by
pointing out that polyaphrons are merely an emulsion with a mixed monolayer of the two
surfactants at the interface, the structure of which is shown in Figure 2.2(b). He believed
that for this reason polyaphrons should not be distinguished from other HIPREs. This
idea was accepted by several authors in their reviews of highly concentrated emulsions
(Princen 2001, Babak and Stebe 2002). Unfortunately, there is no direct evidence
supporting this structure either.

2.2.3 Viscoelastic Properties of Highly Concentration Emulsions
Highly concentrated emulsions, including polyaphrons, contain tightly packed liquid
droplets, between which a very thin water film can be found. The volume fraction of
highly concentrated emulsions is normally larger than 0.8 and can be as high as 0.99.
They are occasionally termed biliquid foams (Sonneville-Aubrun et al. 2000), since the
shape of individual particles is usually polyhedral and their structure resembles that of
ordinary foams. When the volume fraction is beyond a critical value, the droplets become
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organized and show the rheological properties of a viscoelastic fluid (Babak and Stebe
2002).
Assume that a shear stress

σ = σ 0 cos ω t

(2 - 1)

is applied to a incompressible linear viscoelastic fluid. It will produce a strain

γ = γ 0 cos(ω t − δ )

(2 - 2)

where ω is the frequency, t is the time, δ is the phase lag and γ 0 / σ 0 is the amplitude
ratio, with the latter two can be regarded as material properties. The complex shear
modulus G * is then defined as σ / γ and can be expressed as:
G * = G' + i G"

(2 - 3)

where the storage modulus
G' =

σ 0 cos δ
γ0

(2 - 4)

is a measure of the energy stored elastically in the system (the elastic component of the
complex modulus) and the loss modulus
G" =

σ 0 sin δ
γ0

(2 - 5)

is a measure of the energy dissipated as viscous flow.
The storage modulus G' and loss modulus G" are usually a function of the
frequency. However, when the volume fraction of the discontinuous phase is sufficiently
high, one can expect a storage modulus that is independent of the frequency, regardless of
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whether the emulsion is monodisperse or polydisperse (Haas et al. 1997, Dimitrova and
Leal-Calderon 2004).
Because the surface interactions between droplets, including the deformation of
droplets, contributes to the rheological behavior of highly concentrated emulsions, the
following relation can be used to calculate G' from the total surface interaction energy
(Wagner 1993, van der Vorst et al. 1995):
G' =

ϕm N

4
∂2 W ∂W
)]
+
(
2
∂h 2a + h
5π (2a + h) ∂h
[

(2 - 6)

where ϕ m is the maximum packing fraction, which is approximately 1 for highly
concentrated emulsions, N is the number of nearest-neighbor droplets, a is the droplet
radius, h is the film thickness and W is the surface interaction energy. The details on the
calculation of W are given in the next section.

2.3 Stability of Interacting Emulsion Drops
Understanding the motion and interaction of emulsion drops in porous materials, in
particular how they coalesce, is crucial for the control and design of many processes such
as enhanced oil recovery (Singh et al. 1997), membrane separation (Cummings et al.
2000, Park et al. 2001, Bullon et al. 2002) and subsurface environmental remediation
(Szafranski et al. 1998). In some cases, such as enhanced oil recovery and
demulsification, coalescence in porous media is desirable, whereas in solvent extraction
and emulsification it should be avoided.
The interaction between two emulsion drops, which may be of hydrodynamic and
intermolecular origins, acts through the film of the suspending fluid between the surfaces.
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The hydrodynamic forces are due to the viscous friction and are relatively long-ranged.
On the other hand, the intermolecular forces (the disjoining pressure), which are usually
also referred to as surface forces and colloidal forces, are dominant when the separation
is very small, e.g. less than several tens of nanometers. The coalescence behavior of
emulsion drops upon collision depends on the interaction between these two types of
forces. If the total interaction is very repulsive, the drops can rebound; if the
intermolecular repulsive forces can hold the film at an equilibrium separation, the drops
may flocculate; and if the total interaction is attractive, the film will become thinner and
finally rupture, i.e. the drops coalesce.

2.3.1 Intermolecular Forces
The total disjoining pressure between emulsion drop surfaces is usually expressed as
the sum of several individual terms. Some of these terms are always attractive, some are
always repulsive and the others can be either way. A potential is described as positive
when it is repulsive and vice versa. For two approaching droplets with the same diameter
a, between which exists a film with a thickness of h and a radius of r, the relationship

between the disjoining pressure Π (h) , the surface forces f (h) and the surface
interaction energy W (h) is as follows:
∞

f (h) = ∫ Π ( H )dH

(2 - 7)

h

∞

W (h) = π r 2 f (h) + π a ∫ f ( H )dH
h

(2 - 8)

The first term on the right-hand-side of equation (2-8) is the interaction through the
film and the second term is the contribution of the plateau border.
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The Van der Waals force originates from the London force between dipoles and is
always attractive. For two approaching surfaces, one can obtain the unretarded van der
Waals disjoining pressure by summing the pair-wise London force over all molecules
(Israelachvili 1992):
Π VdW (h) = −

AH
6 πh 3

(2 - 9)

where AH is the Hamaker constant.
For any charged surface, there is an ionic atmosphere in its vicinity, which is the socalled “electric double layer”. The characteristic length 1 / κ or the “thickness” of the
double layer is given by (Ivanov et al. 1999):
1/ κ = (

2Z 2 e 2Cel 1 / 2
)
ε 0ε k T

(2 - 10)

where e is the unit charge, ε is the dielectric constant, ε 0 is the permittivity of vacuum,
k is the Boltzman constant, T is the temperature and C el is the number concentration of

a Z : Z electrolyte. Note that the Debye length depends only on the properties of the bulk
liquid. When two surfaces charged with ions of the same sign approach each other, an
electrostatic repulsion will arise from the overlap of their double layers. The electrostatic
repulsion can be written as (Ivanov et al. 1999):
Π el (h) =

64kTC el

κ

tanh 2 (

Zeψ 0
) exp(−κh)
4kT

(2 - 11)

where ψ 0 is the surface potential, which can be related to the surface charge density σ s
by the following approximation:
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ψ0 =

σs
εε 0κ

(2 - 12)

The Van der Waals and electrostatic forces form the basis of the well-known DLVO
theory of colloidal stability (Verwey and Overbeek 1948). Therefore, they are often
termed as “DLVO forces”. Although the DLVO theory can explain many surface
phenomena, mostly in dispersions consisting of solid particles (Israelachvili and Pashley
1983, Binks et al. 1997, Preuss and Butt 1998), deviations are found for very
hydrophobic or very hydrophilic systems, such as systems containing lipid or nonionic
surfactant bilayers (Mcintosh et al. 1989, Lyle and Tiddy 1986). This fact implies that
there exist additional surface forces, which are usually called “non-DLVO forces”.
In the DLVO theory, the calculation of electrostatic forces is based on the PoissonBoltzmann equation, which describes the ion distribution between two surfaces as a
continuum. In reality, the ions have finite size and their distribution is highly
inhomogeneous. The counter-ion atmosphere tends to generate a correlation to the
Poisson-Boltzmann distribution and this correlation always makes an attractive
contribution to the electrostatic surface force. The magnitude of this correlation force
strongly depends on the valency of the ions. In the case of a monovalent electrolyte, this
correlation is usually negligible. However, when the counterions are divalent or trivalent,
the correlation force can exceed the DLVO electrostatic force and makes the total
electrostatic force attractive. For a symmetric electrolyte and intermediate distance
between surfaces, the disjoining pressure due to the ion correlation takes the form (Attard
et al. 1988, Angarska et al. 1998, Ivanov et al. 1999):
Π cor (h) = Π el (h)

Z 2 e 2κ
(ln 2 + 2 I C )
16πεε 0 kT
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(2 - 13)

where:
2 − 2z3 + z 1
IC =
− (1 − J ) ln( z + z 2 )
2
2
2 z (2 z − 1) 2

−

z 2 −1
z −1 1
[1 + J + 4(2 z 2 − 1) −3 ] arctan
+ (1 + J ) ln 2
z
z +1 2

J≡

2z 2 − 3
(2 z 2 − 1) 3

z ≡ [1 + (

eσ s
) 2 ]1 / 2
2εε 0 kT κ

Amphiphilic molecules adsorbed on the interface tend to fluctuate around their
equilibrium positions or to protrude into the solvent. When two such surfaces approach
each other, there will be a configurational confinement, which give rise to a repulsive
force. This force, which is called the “protrusion force” or “steric force”, can be written
in the following form of disjoining pressure (Israelachvilli and Wennerstrom 1992):

Π pr ( h ) =

nα (h / λ )exp(− h / λ )
[1 − (1 + h / λ )exp(− h / λ )]

(2 - 14)

where α is a constant, which is estimated to be 3 × 10 −11 J/m for single-chained
surfactants (Israelachvili and Wennerstrom 1992), λ = kT / α is the protrusion decay
length, and n is the number density of protrusion sites. Another repulsive force that is
observed in many cases is the undulation force, which can be attributed to the thermal
undulation of the amphiphilic layers as shown by Israelachvili and Wennerstrom (1992):

Π und (h) =

3π 2 (kT ) 2
64 K c h 3
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(2 - 15)

where K c is the bending modulus of the amphiphilic layers. This force is actually an
entropic force arising from the confinement of the undulation waves as the space between
two surfaces becomes smaller.
Now we have the total disjoining pressure as the sum of all the interactions
mentioned above:

Π total = Π VdW + Π elec + Π cor + Π pr + Π und

(2 - 16)

Depending on the magnitude of individual interactions, the disjoining pressure
isotherm, i.e., Π vs. h, can take various profiles, an example of which is shown in Figure
2.3. For a complete review, one can refer to Israelachvili (1992).

2.3.2 Critical Thickness
In reality, the surface of an emulsion drop is not smooth. Instead, it is corrugated by
capillary waves caused by thermal fluctuations or other mechanical perturbations (Ivanov
et al.1999). As two droplet surfaces approach each other, the maximum unstable surface
corrugations can touch each other if the thickness is small enough. At this point there is
no force strong enough to prevent the breakup of the film and coalescence occurs. This
thickness is called the critical thickness, hc.
Assuming that the Van der Waals force is the only significant surface force and
responsible for the film rupture, Chesters (1991) was able to find that the film becomes
unstable when the van der Waals force is of comparable magnitude with the pressure that
drives film drainage. He further showed that the critical thickness is determined by the
Hamaker constant AH, the drop size a and the interfacial tension γ :
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hc ~ (

AH a 1 / 3
)
8π γ

(2 - 17)

Using this equation, hc is estimated to be several hundred Angstroms for large drops
and several tens of Angstroms for small ones.
It is demonstrated by Ivanov et al. (1999) that the droplet surface shape can be
represented as a superposition of a series of Fourier components with different
amplitudes and wavelengths. For the case where the surfaces are non-deformed and the
surface shape at the critical thickness is solely determined by a single maximum wave, an
equation relating hc to the hydrodynamic driving force and the disjoing pressure was
derived (Ivanov et al. 1999):

π a 2 hc3 ∂Π

8 γ ∂ 2Π
[( ) c − ( 2 ) c ]
F − aπ f (hc ) =
∂h
a ∂h
32 γ
2

(2 - 18)

where F is the external hydrodynamic driving force and the subsript c means that the
value is evaluated at the critical thickness. With known F and Π , one can solve this
equation numerically for the critical thickness hc. Compared to (2-17), this equation has
the advantage of explicitly including the external driving force.
Equation (2-18) can be reduced to the following asymptotic form for two extreme
cases:

a 2 AH2 1 / 5
hc = [
]
128π σ F
hc = [

5 a AH 1 / 2
]
12 F
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for F >> π a f (hc ) (2 - 19)

for F << π a f (hc ) (2 - 20)

For deformable surfaces, i.e. a parallel film, hc can be found using similar Fourier
analysis method (Ivanov et al. 1999):
hc r 2
∂ Π 2 2+d
(
)c =
8 γ[2γ / a − Π (hc )] ∂ h
1+ d

(2 - 21)

where d is a parameter proportional to the surface diffusivity. In the case with negligible
surface diffusivity, we have d = 0 . Then the above equation reduces to:
hc r 2
∂Π 2
(
)c = 2
8 γ[2 γ/ a − Π (hc )] ∂ h

(2 - 22)

As mentioned above, the stability of an emulsion is determined by the total surface
interaction and the external driving force as shown in Figure 2.3. For system 1, the

Figure 2.3 Sketch of a disjoining pressure isotherm
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capillary pressure, which represents the driving force, is not large enough to overcome
the surface force barrier so that a stable film is formed, with a thickness of h1 larger than
the critical one, hc1. For system 2, however, the shift in capillary pressure brings the
equilibrium thickness to h2 , which is smaller than the critical thickness hc2, meaning that
this system becomes unstable.

2.3.3 Drop Coalescence
2.3.3.1 Coalescence in Unbounded Flow
Because the coalescence behavior of approaching drops is controlled by the
dynamics of the film between their surfaces, many research groups have theoretically and
numerically studied the film drainage process under constant approaching velocity or
constant driving force (Abid and Chesters 1994, Chesters et al. 1991, Nemer et al. 2004,
Rother et al. 1997, Saboni et al. 1995, Yiantsios and Davis 1990, Zhou et al. 2003). Their
results indicate that the film drainage rate is mainly controlled by the interfacial tension

γ , the viscosity ratio between the dispersed and suspending phases λ and the external
driving force F. These factors have profound effect on the drainage rate, which often
depends on the deformability and tangential mobility of the drop surface. Generally, for
deformable surfaces, the film drainage is enhanced by large γ , whereas high λ and large
F tend to slow the drainage rate.
The capillary number Ca, which is the ratio between viscous forces and interfacial
forces, characterizes the drop deformation and plays an important role in determining
whether two drops coalesce upon their collision. It was found that the coalescence
behavior of two drops in a simple shear flow strongly depends on Ca: coalescence only
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occurs at a capillary number that is lower than a critical value, Cac (Zhou et al. 2003).
Also in a simple shear flow, Loewenberg and Hinch (1997) numerically studied the
collision between two deformable drops. They found that the collision behavior was
dictated by Ca and the viscosity ratio λ , and predicted that, for flow with Ca << 1 ,
coalescence tends to occur when the drops are pressed together, whereas for
Ca ~ O(1) the tendency for coalescence reaches its maximum when the drops begin to
separate in the extensional quadrant. The latter was experimentally verified by Guido and
Simeone (1998), who studied the collision between two polymer drops in simple shear
flow induced by two parallel plates. The capillary number Ca also influences the effect of
deformation on drop coalescence: small deformation prohibits coalescence at low Ca,
whereas coalescence is enhanced by deformation at intermediate and high Ca (Rother et
al. 1997).
Although a considerable volume of numerical works have been published on the
coalescence behavior of two drops in unbounded shear flows, few quantitative
experimental works are found in literature. One exception is the work of Hu et al. (2000).
In a simple shear flow, they studied the collision between two drops of equal size. They
showed that, for a fixed initial position and viscosity ratio, the minimum separation
between two drops is solely determined by the capillary number. Their results also
verified the existence of a critical capillary number Cac, which was found to be a function
of the drop size and the viscosity ratio.
It should be noted that most of the theoretical and numerical works presented above
failed to include the contribution of intermolecular forces other than the van der Waals
force. Because these forces play an important role in determining the stability of
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emulsion drops, neglecting them will unavoidably lead to deviation from the real
situation, as demonstrated by Greene et al. (1994). Moreover, for those simulations that
were done in the context of simple shear flow, the results poorly reflect the stability of
colloidal particles in more complex flows (Greene et al. 1994).

2.3.3.2 Coalescence in Porous Media
Singh et al (1997) numerically studied the dynamics of foam films perpendicular to
the flow direction in periodic sinusoidal pores. Their results revealed that the film
behavior depends strongly on the capillary number Ca and can be divided into several
regimes according to different capillary numbers. For example, an increase of Ca has a
stabilizing effect when the films are tangentially immobile, but a destabilizing effect on
mobile films. For moving ganglia in porous media, coalescence is slightly enhanced with
increasing Ca (Constantinides and Payatakes 1991). On the other hand, as for liquid
drops moving in a narrow capillary tube, Aul and Olbricht (1991) demonstrated through
their experiments that, if the capillary number is not high enough to induce significant
drop deformation, the coalescence behavior is insensitive to the capillary number.
In a Taylor-Couette shear flow, the coalescence efficiency of a dilute emulsion was
found to be a decreasing function of the shear rate, which is consistent with the effect of
Ca discussed in the previous section, that is, coalescence is unlikely to occur at high
capillary number (Nandi et al. 2001). However, this behavior is only partially consistent
with the results of Hong et al. (2003), who studied the effect of the shear rate on
coalescence efficiency during membrane demulsification. In their experiments, the
separation efficiency increased slowly with the in-pore shear rate. It is believed that there
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is an optimum shear rate range that maximizes the separation efficiency: below this range,
very little coalescence occurs; above this range, drop break-up dominates.
As expected, the stability of emulsions in porous media is also affected by the
properties of the continuous phase such as the pH value and ionic strength (Soma and
Papadopoulos 1995, Vidrine et al. 2000). For example, for emulsions stabilized by
anionic surfactant, dramatic decrease in permeability at low pH value is caused by severe
interception by the porous media occurred due to the attractive surface forces between the
drops and the porous medium, whereas no decrease in permeability was observed at high
pH value. More importantly, the permeability of the porous media decreased substantially
at high ionic strength, indicating significant coalescence of emulsion drops.
In porous media, the hydrodynamic resistance experienced by drops differs
significantly from that in an unbounded flow because of the strong hydrodynamic
interaction between the drops and the pore walls. Therefore, besides the factors
mentioned in the previous section, geometric-related parameters such as the pore-body to
throat size ratio, the drop to pore size ratio, and the pore geometry are also important in
predicting the interaction between emulsion drops in porous media. Hong et al. (2003)
reported that the coalescence of emulsion drops is very sensitive to the drop-pore size
ratio, as the separation efficiency increased dramatically with decreasing pore size. If the
pores are sufficiently small, the separation efficiency becomes independent of the applied
pressure drop. This strong dependence of drop coalescence on the drop to pore size ratio
was also found by Cumming et al. (2000) and Park et al. (2001). The pore-body to throat
ratio is believed to have a significant influence on the stretching rate of a foam film as the
film moves from a pore throat to a pore body (Singh et al. 1997). If this rate is
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sufficiently high, there will be no resistance strong enough to prohibit the film thinning
and the film can become unstable and rupture.

2.4 Application of Boundary Element Method (BEM) on Stokes Flow
The hydrodynamics of multiphase flow involving incompressible Newtonian liquids
is governed by the continuity equation:
∇ ⋅u = 0

(2 - 23)

where u is the flow velocity, and the Navier-Stokes equation:

ρ(

∂u
+ u ⋅ ∇u) = −∇P + µ∇ 2u + ρ b
∂t

(2 - 24)

where ρ is the density of the fluid, P is the pressure, µ is the viscosity of the fluid and
b represents body forces such as the gravitational forces. For small Reynolds numbers

(e.g. small drops or highly viscous fluid), the terms on the left-hand side of the NavierStokes equation may be neglected and it reduces to the Stokes equation:
− ∇P + µ∇ 2 u + ρ b = 0.

(2 - 25)

One can determine the velocity and pressure field of a Stokes flow by solving
Equations (2-23) and (2-25).
The boundary element method (BEM) is a numerical technique for solving partial
differential equations and can be applied to any boundary value problem that has a known
Green’s function. By using the Green’s function and Green’s identity, the BEM expresses
the unknowns in the form of integral equations along the boundary of the domain. The
solution of those integral equations contains variables such as the velocity and stress field
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that define the Stokes flow. Details of the boundary integral equation formulation of
Stokes flow are given in Chapter 4.
For a problem where liquid interfaces are involved, the BEM has several advantages.
First of all, only the boundary of the domain needs to be discretized in BEM, thus reduce
the number of dimensions by one. Furthermore, one does not need to solve for the entire
velocity field for the shape of the fluid interface since the boundary velocities on the
interface are determined directly. Finally, dynamic mesh generation, which is often
encountered in finite difference and finite element methods, is simplified substantially.
Since the initial work of Youngren and Acrivos (1976), numerous studies using the
BEM to solve Stokes flow with free boundaries have been published in both two- and
three-dimensional systems. Youngren and Acrivos (1976) solved for the steady shape of
an inviscid gas bubble in an extensional flow. Rallison and Acrivos (Rallison and
Acrivos, 1978) extended the application to the shape of viscous droplets with different
viscosity ratio. Pozirikidis (1992) investigated the motion of a periodic array of viscous
droplets through a circular tube due to gravity. He also considered simple shear flow of
doubly- and triply-periodic suspensions, in two- and three-dimensions, respectively
(Pozirikidis, 1993, Charles and Pozirikidis, 1998). Roumeliotis and Fulford (2000)
studied the interactions between droplets moving under the influence of gravity. Manga
(1996) and Khayat (1999) investigated flow involving high-viscosity-ratio fluids in a
cavity. Loewenberg and Hinch (1997) considered the collision of two deformable drops
in shear flow, which was extended by Zinchenko and Davis (2002) to a large group of
highly concentrated emulsion droplets. Bazhlekov et al. (2004) demonstrated the
usefulness of the BEM in a number of situations, including drop deformation and break-
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up at high viscosity ratios, film formation and drainage between approaching drops, and
the formation and deformation of foam drops in shear flow.
Complete coverage on the subject of the BEM and its application to interfacial flow
can be found in Pozirikidis (1991, 2001).
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CHAPTER 3
STABILITY AND RHEOLOGICAL PROPERTIES
OF POLYAPHRONS
3.1 Stability of Colloid Liquid Aphrons
Since CLAs are involved in most applications of polyaphrons, it is desirable to
investigate how their stability is affected by various factors such as the concentration of
the aqueous-phase surfactant and the concentration of added electrolytes in the
continuous phase. This information may also shed some light on the unresolved structure
of polyaphrons and CLAs, as mentioned in Chapter 2.

3.1.1 Cylinder Experiments
Polyaphrons were prepared using the following procedure. 5 mL SDS (Aldrich)
solution was rigorously stirred until a stable foam was formed. Then, a certain amount of
hexadecane (Alfa Aesar) with a desired concentration of Tergitol 15-S-5 (Sigma
Chemical) was gradually dropped into the foam. The first half volume of hexadecane
dispersed easily and the addition rate could be relatively high. As the PVR increased, the
mixture became viscous and the addition rate had to be lowered, since it took longer for
the hexadecane to disperse.
In a typical experiment, the CLA were obtained by dispersing 5 mL of the polyaphron
sample in 50 mL of the desired continuous (water) phase. During the experiment, the
CLA was stirred gently in a measuring cylinder to prevent creaming due to gravitational
forces. As the CLA was destabilized, a layer of hexadecane formed at the top of the
dispersion. The volume of this layer was taken as a measure of the stability of the CLA.
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3.1.2 Effect of The Electrolyte in The Continuous Phase
The stability of CLAs was examined in NaCl, CaCl2 and Al(NO3)3 solutions of
varying concentrations. All the CLAs discussed in this section, if not otherwise noted,
were made with 5g/L SDS solution and hexadecane containing 0.1% (v/v) Tergitol 15-S5, with a PVR of 24.
To establish a base case, we first tested the stability of CLAs in deionized (DI) water.
As expected the CLAs were very stable in DI water, with no hexadecane layer being
observed during the whole duration of the experiment, which was 60 minutes.
The stability of CLAs was then examined in NaCl solution, the concentration of
which ranged from 1.2 to 300 mM. It was found that, over the whole range of
concentrations, Na+ was unable to destabilize the CLA, which contradicts the results of
other researchers (Lye and Stuckey 1998, Lee et al. 2002). Considering the fact that Na+
is capable of suppressing the double layer repulsion, one may conclude that, other than
the double layer forces, there exist additional repulsive forces stabilizing the CLA system
against coalescence, most likely due to the presence of the organic-phase surfactant. The
necessity of the organic-phase surfactants was further demonstrated in an experiment that
tested the stability of an emulsion in DI water made by mixing 45 mL pure hexadecane
and 5 mL 5 g/L SDS solution. It turned out that this emulsion was very unstable in DI
water, with all the hexadecane being released in less than 10 minutes.
For the effect of multivalent ions, a first order CLA coalescence mechanism was
adopted to describe the stability of CLAs (Lye and Stuckey 1998, Scarpello and Stuckey
1999, Lee et al., 2002). Assuming that the process of CLA destabilization follows first
order reaction kinetics, we can write:
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Vt
= exp(− kt )
V0

(3 - 1)

where V0 is the total volume of the organic phase in the CLA, Vt is the remaining
volume of the organic phase of the CLA, k is the reaction constant. Then we can define
the half-life of CLAs as follows and use it as a measure of the stability:
t1 / 2 =

ln 2
k

(3 - 2)

The half-life of CLAs when the continuous phase contains CaCl2 or Al(NO3)3 is
plotted as a function of the ionic strength I in Figure 3.1.
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Figure 3.1 CLA half-life when the continuous phase contains CaCl2 or Al(NO3)3. CLA
composition: (Aqueous-phase surfactant: 5g/L SDS. Organic-phase surfactant: 0.1% (v/v)
Tergitol 15-S-5. PVR=24). The lines are added to guide the eye.
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The first observation from these results is that, at the same ionic strength, CLAs were
always more stable in Ca2+ then in Al3+. In CaCl2 solution, the half-life of CLAs
decreased with increasing Ca2+ concentration at low ionic strength and reached a
minimum at I=60 mM. Thereafter, t1 / 2 increased as the concentration of Ca2+ increased,
with the only exception at I=180 mM. The stability of the CLA exhibited similar
behavior in Al3+ solution. The t1 / 2 of CLAs dropped with increasing Al3+ concentration
until it reached its minimum at I=12 mM. At this concentration, the originally opaque
dispersion became clear in a very short period of time (less than 5 minutes) with the CLA
being completely destroyed. As the concentration of Al3+ was increased, however, the
CLA became more stable, except the point where the concentration of Al3+ was equal to
50 mM (I=300 mM). The values of t1 / 2 increased from 2 minutes to 58 minutes as the
ionic strength of Al3+ increased from 12 mM to 600 mM.
The much stronger destabilizing effect of Al3+ at low ionic strength can be attributed
to the surface binding of multivalent ions. Israelachvili (1992) shows that, in a solution
containing both monovalent and divalent ions, the surface potential is irrelevant to the
concentration of monovalent ions as long as the concentration of divalent ions exceeds
3% of that of monovalent ions. The surface concentration of multivalent ions can be
much higher than that of monovalent ions even when their bulk concentration is much
lower. Such a high surface concentration usually leads to strong binding to the surface
and reduces the surface-charge density and thus the surface potential. This effect could
cause surface charge neutralization, which is thought to be responsible for the minimum
in t1 / 2 . Varma et al. (1975) reported that Cr3+ causes surface charge neutralization at less
than 5 mM, whereas Na+ as high as 0.5 M fails to do so, which offers another possible
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explanation for why Na+ was not able to destabilize the CLA. One additional effect of
multivalent ions is the attractive surface force induced by ion correlation, which can be
very strong in the presence of multivalent ions, making the total surface force less
repulsive.
The stabilizing effect of multivalent ions at high ionic strength was also reported by
Lye and Stuckey (1998) where they found that the stability of CLAs with the presence of
Ca2+ and Mg2+ is higher than that with Li+ and K+ at an ionic strength of 0.2 M. This
phenomenon can be explained through the aforementioned mechanism of surface binding
as well. Ions with ≥ 3 charge number at fairly small concentrations can continue to bind
onto the interface even after the surface charge is neutralized, causing surface charge
reversal, e.g. a negatively charged surface becomes positively charged (Israelachvili 1992,
Rios et al. 1998, Varma et al. 1975). Because the surface charge density and surface
potential increase with increasing surface binding after surface charge neutralization, it is
easy to understand that in our experiments the stability of CLAs increased monotonically
with increasing ionic strength after it passed the minimum. However, we find it hard to
interpret the jump in t1 / 2 where the continuous phase contains 50 mM Al3+ (The point
where I=300mM) using the surface binding theory. This jump is mostly likely due to
experimental errors, or other unexplored surface forces.
Although Na+ was not able to destabilize CLAs in our experiments, the fact that
dilute Al3+ solution can completely destabilize CLA suggests that the double layer
repulsion plays an important role in stabilizing CLAs. Lee et al. (2002) found that higher
PVR leads to more unstable CLAs, which can also be interpreted as the result of the lack
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of stabilizing aqueous-phase surfactant. Therefore, it is necessary to investigate the effect
of the aqueous-phase surfactant on the stability of CLAs.

3.1.3 Effect of The Concentration of The Aqueous-phase Surfactant
CLAs were made with hexadecane containing 1% (v/v) Tergitol 15-S-5 and SDS
solution with a PVR of 19 for all experiments. Note that the samples with 0 g/L SDS
were in fact ordinary HIPREs as Tergitol 15-S-5 was the only surfactant.
The stability of these samples were examined in both DI water and 2 mM Al(NO3)3
solution. The results are shown in Figure 3.2. When the continuous phase was DI water,
the stability of CLAs increased with increasing SDS concentration, likely due to stronger
electrostatic repulsion at higher SDS concentration. On the other hand, when the
continuous phase contained 2 mM Al(NO3), the stability of CLAs decreased as the SDS
concentration rose. Because the electrostatic repulsion was greatly suppressed by the
cations in this case, we may say that other repulsions, were there any, became weaker
with increasing SDS concentration.
According to Sebba’s bilayer structure, the organic-phase surfactant monolayer in
polyaphrons is no different than at the interface of ordinary emulsions, i.e. CLA samples
with 0 g/L SDS in our experiments. With the additional bilayer of the aqueous-phase
surfactant, one would expect that CLAs are at least as stable as ordinary emulsions no
matter what the continuous phase is. This, however, was not the case in our experiments,
which provides indirect evidence supporting Princen’s mixed monolayer structure. Note
that the size distribution of polyaphrons is controlled by the concentration and nature of
the organic-phase surfactant (Sebba 1987), which means that the difference in stability
cannot be attributed to the effect of different sizes.
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Figure 3.2 CLA stability at varying SDS concentration. The continuous phase was DI
water or 2 mM Al(NO3)3 solution. Note that the data points for CSDS=2g/L and 5g/L are
not shown in this figure. This is because no phase separation was observed during the
experiment, i.e. the calculated half-life goes to infinity. CLA composition: (Organicphase surfactant: 1% (v/v) Tergitol 15-S-5. PVR=19)
It is obvious that, to form a stable bilayer, one needs a sufficient amount of the
aqueous-phase surfactant, which means that the proposed bilayer structure of
polyaphrons as shown in Figure 2.2(a) may not exist when the concentration of SDS
concentration is below a certain level. Under these conditions, the mixed monolayer
structure appears to be more reasonable. We further suppose that the mixed monolayer
structure may transform to the bilayer structure as the concentration of SDS goes beyond
a critical value. If this were true, one would expect a transition behavior with increasing
concentration of SDS in the stability of CLAs. However, this transition was not observed
in the range of concentration we examined.
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To further assess the mixed monolayer assumption, we used Equation (2-11) and (213) to perform a simple surface force analysis to offer a qualitative explanation for the
behavior mentioned above.
In this analysis, several assumptions were made: (1) the total density of surfactant
molecules on the interface n is a constant and all the aqueous-phase surfactant molecules
adsorb onto the interface regardless of the concentration of the organic phase
surfactant; (2) the only repulsions between the interfaces are the electrostatic force and
the steric force; (3) the steric force is solely determined by the surface density of the
organic-phase surfactant; and (4) The size of the aphrons is uniform. Using equation (211) and (2-14), we were able to calculate the electrostatic, the steric and the total
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Figure 3.3 Repulsive surface forces vs SDS concentration
Parameters used: a = 2.5µ m, r = 0.2µ m, h = 2.5 nm, n = 2.5 ×1018m-2,
Celectrolyte = 0.01M
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repulsion at different SDS concentrations, as shown in Figure 3.3. As the SDS
concentration rises, the steric force becomes weaker because it is proportional to the
number of protrusion sites per unit area, which is lowered by the adsorption of SDS.
From the viewpoint of surface forces, it is clear that the stability of this hypothetical
dispersion is an increasing function of the concentration of SDS in water but a decreasing
one in Al(NO3)3 solution, where the electrostatic repulsion is completely suppressed and
the steric force becomes the sole repulsive force.

3.1.4 Effect of The Preparation Method
It is believed that a significant difference between polyaphrons and ordinary HIPREs
is the preparation method (Lye and Stuckey 1998). HIPREs are usually formed by
shaking or stirring a mixture of all components, or by gravitational creaming or sediment
of a dilute emulsion, whereas polyaphrons are made by spreading an oil phase on the top
of a stable aqueous foam.
Polyaphron samples were made with hexadecane containing 1% (v/v) Tergitol 15-S-5
and 95 mL 5 g/L SDS solution using the standard procedure described in section 3.1.1.
HIPRE samples were made by stirring a mixture of the same amounts of both fluids for
approximately an hour, which is equal to the time taken to make the polyaphrons samples.
Both polyaphron and HIPRE samples were opaque and viscous and they had no
difference in appearance. Although the long-term stability is a good measure of the
structure of these dispersions, it was not examined here since our focus is on the stability
of CLAs.
CLA stability was examined in 200 µM, 2 mM and 10 mM Al(NO3)3 solution and the
results are shown in Figure 3.4. It appears that the stability of diluted systems does not
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Figure 3.4 Stability in Al(NO3)3 solution: CLAs vs HIPREs. CLA composition:
(Aqueous-phase surfactant: 5g/L SDS. Organic-phase surfactant: 1% (v/v)
Tergitol 15-S-5. PVR=19)
depend on the preparation method, as one can see the stability of CLAs and diluted
HIPREs did not show significant difference for all concentrations of Al3+.

3.2 Rheological Properties of Polyaphrons
As described in Chapter 2, the rheological properties of highly concentrated
dispersions strongly depend on the surface interactions, which could provide an insight
into the structure of polyaphrons. For example, if the interface were covered by bilayers
of the aqueous-phase surfactant, we would expect that the repulsive forces are mainly of
electrostatic and undulating origins. When the interface is covered by a mixed monolayer,
however, the repulsion due to undulation should be much weaker since the bending
modulus Kc of monolayers is substantially smaller than that of bilayers.
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3.2.1 Experimental Method
All polyaphron samples were made with hexadecane containing 1% (v/v) Tergitol 15S-5 and SDS solution with varying concentration, with a PVR of 30. They were used
directly after they were prepared.
The size distribution was measured using a particle size analyzer (Leeds and Northrup
Microtrac Model 9210). The measurement was made by the following procedure: 5 ml of
the polyaphron sample was first dispersed in 20 ml DI water and was shaken several
times to ensure that they were well-mixed. Then, 5 ml of this dispersion was injected into
the chamber of the particle size analyzer, which contained 290 ml of DI water. The time
for one measurement was 30 seconds, which is short when compared to the time scale of
the destabilization of CLAs. For all measured samples, no significant coalescence or
floccutuation was observed during the measuring process.
The linear viscoelastic experiments were carried out on a rheometer (Bohlin VOR)
equipped with a parallel-gap geometry. The measuring frequency ranged from 0.01 to 20
Hz. The measuring time for an entire frequency sweep was about 20 minutes. We did not
observe any phase separation of polyaphron samples caused by the shear.

3.2.2 Results and Discussion
3.2.2.1 Size Distribution of Polyaphrons
Figure 3.5 shows a typical size distribution of our polyaphron samples. All samples
have similar unimodal distribution with a mean diameter d of approximately 2~3 µ m,
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Figure 3.5 Size distribution of a polyaphron sample. Polyaphron composition
(Aqueous-phase surfactant: 5g/L SDS. Organic-phase surfactant: 1% (v/v)
Tergitol 15-S-5. PVR=30)
which demonstrates that the size distribution of polyaphrons is not affected by the
aqueous-phase surfactant. The values of d of all samples are listed in Table 3.1.
From the size-distribution data, the mean molecular area of SDS in a mixed
monolayer can be obtained as:
a0 =

q
C SDS A0

∑
i

6ϕ i
di

(3 - 3)

where q is the PVR, CSDS is the concentration of SDS, A0 is the Avogadro constant, d i
is the diameter of ith size band and ϕ i is its volume fraction.
We can also calculate the mean thickness of the water film between aphrons from the
size distribution data:
h = 1 / (q ⋅ ∑
i
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3ϕi
)
di

(3 - 4)

The calculated values of a 0 and h are also listed in Table 3.1. With the mixed
monolayer structure, the molecular area of SDS for polyaphron samples made with 5g/L
SDS solution is approximately 10 nm2, which doubles with the bilayer structure. It should
be noted that the optimum molecular area for SDS bilayers at hexadecane/water interface
was reported to be 52 Ǻ2 (Sonneville-Aubrun et al. 2000), smaller than our calculated
value by a factor of 20 or 40, for the mixed monolayer structure or the bilayer structure,
respectively.
Table 3.1
Mean size ( d ) and critical packing number ( ξ ) of polyaphrons with varying SDS
concentration. The structure is assumed to be the mixed monolayer structure.

a0

CSDS
(g/L)

d
( µ m)

h
(nm)

(nm2)

0
1
1
5
5
5

2.62
2.92
2.36
1.86
2.24
3.04

22.61
23.86
21.29
18.71
21.73
23.73

N/A
40.2
45.0
10.2
8.8
8.1

ξ
N/A
0.00521
0.00465
0.0205
0.0238
0.0259

Note

with 0.5M NaCl
with 0.1M NaCl
with 0.5M NaCl

Israelachvili (1992) proposed to use the critical packing parameter ξ to predict which
kind of aggregate surfactant molecules tend to form under different conditions. The
critical packing parameter is given by:

ξ=

v
a0 lc

(3 - 5)

where v is the volume of the hydrocarbon chain and l c is the maximum length that the
chain can assume. For a saturated hydrocarbon chain with n carbon atoms:
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l c ≤ (0.154 + 0.1265n) nm

(3 - 6)

v ≈ (27.4 + 26.9n) × 10 −3 nm-3

(3 - 7)

and

According to Israelachvili (1992), the range where vesicles and flexible bilayers form
is 0.5 to 1. However, all the values listed in Table 3.1 fall outside of this range. This fact
suggests that the mixed monolayer structure may be more suitable for polyaphrons with
low concentration of the aqueous-phase surfactant.

3.2.2.2 Rheological Properties
The measured values of G' for polyaphron samples with varying SDS concentrations
are shown in Figure 3.6 as a function of frequency. For the samples containing SDS, 0.5
M NaCl was added to suppress the electrostatic force so that their results can be
compared to those for the samples without SDS, where the electrostatic surface force was
negligible. For all samples, G' was basically independent of the frequency. The
polyaphron containing 1g/L SDS had the largest G' value while the one without SDS had
the smallest. The value of G' for samples without NaCl was also measured, with G' of
the polyaphron with 5g/L SDS being larger than the one with 1g/L SDS. In addition, the
values of G' without NaCl are significantly smaller for both the 5g/L and 1g/L samples.
The fact that the value of G' increased as the SDS concentration increased confirms
the conclusion we made in section 3.1.3 that the surface repulsion is an increasing
function of the SDS concentration. However, it is hard to explain why the value of G' is
larger with high concentration of NaCl, which is supposed to weaken the repulsion and
thus lower the elastic energy.
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One of the most distinctive differences between monolayers and bilayers is their
bending modulus, Kc, which by definition is the energy per unit area necessary to bend
the surfactant layer. The typical value of Kc of a surfactant bilayer is (2 ~ 20)
×10 −20 J / m 2 , and a monolayer usually has a smaller value of the order 5 × 10 −21 J / m 2
(Israelachvili, 1992).
Using equation (2-6), we fit the G ' data with the water film thickness h for Kc. The
assumptions we made in section 3.1.3 were all retained here, except that the total surface
force was calculated as the sum of the Van der Waals, electrostatic and undulation forces.
The steric force was discarded since it is negligible at this thickness (~20 nm) as
100
0 g/L
1 g/L
5 g/L
1 g/L with 0.5M NaCl
5 g/L with 0.05M NaCl

G' (Pa)
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10
1
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Figure 3.6 Measured G’ of polyaphrons with varying SDS concentration as a
function of frequency. Polyaphron composition: (Organic-phase surfactant: 1% (v/v)
Tergitol 15-S-5. PVR=30)
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compared to other forces. If the SDS molecules were assumed to be completely
dissociated, our initial calculations showed that, for samples without NaCl, electrostatic
forces dominate the surface interaction and the values of G' given by equation (2-6) were
at least two orders of magnitude larger than the measured values. This means that the
magnitude of electrostatic forces in reality should be much smaller than that shown by the
surface force analysis, most likely due to the partial dissociation of SDS molecules. It
was shown that the dissociation of ionic surfactants in emulsion or foam film is usually
very incomplete. Some authors reported that the degree of dissociation can be as low as
1% (Bergeron 1997, Espert et al. 1998). Therefore, to compute Kc we assumed that all
SDS molecules were adsorbed on the interface and only 1% of them were dissociated. A
further assumption was that the addition of NaCl did not change the structure of
polyaphrons, i.e., monolayer structure to bilayer structure, which allowed us to use the
same degree of dissociation fraction. It should noted that the influence of the thickness of
surfactant layers, which could a major difference between the two proposed structures,
was not accounted for in the surface force model used.
As shown in Table 3.2, when NaCl was present, there was no difference in Kc for the
two proposed structures, since in the context of surface forces these two structures only
differs in the surface charge density and surface potential, which were irrelevant when the
electrostatic forces were missing. The fitted values of Kc for polyaphrons were found to
be in the range for bilayers for all samples examined, which implies the existence of a
bilayer at the interface. However, we did not observe the jump in Kc as the concentration
of SDS increased from zero to some finite value, i.e. a transition from the pure organicphase surfactant monolayer to the bilayer structure.
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Table 3.2
Fitted bending modulus Kc for the two different structures
Parameters used: AH = 5 × 10 −21 J, n = 2.5 × 1018 m-2
CSDS (g/L)
0
1
1
5
5
5

Kc (J)
Monolayer structure
Bilayer structure
-20
2.91×10
-20
2.91×10-20
2. 96×10
2.79×10-20
2.79×10-20
3.61×10-20
3.03×10-20
-20
2.88×10-20
2.88×10
2.82×10-20
2.82×10-20

Note

with 0.5 M NaCl
with 0.05 M NaCl
with 0.5 M NaCl

3.3 Discussion
Through our experiments, we found that the mixed monolayer structure is more
probable for CLAs with low concentration of the aqueous-phase surfactant. Here we
summarize the evidences that support the existence of the mixed monolayer structure:
1)

The contrast in stability of CLAs and ordinary emulsions in Al3+ solution;

2)

No transition with respect to SDS concentration was found in the stability of
CLAs in Al3+ solution;

3)

The molecular area of SDS is much larger than the optimum value reported in
literature for a stable bilayer.

On the other hand, the fitted values of the bending modulus Kc were close to that of
surfactant bilayers in literature, which was in favor of the bilayer structure.
As described in Chapter 2, the existence of the aqueous shell in polyaphrons has been
verified by the microscopic observations presented in literature. Given this fact, the
bilayer structure appears to be the most reasonable structure for polyaphrons. Since the
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results of our experiments strongly suggests that CLAs have the mixed monolayer
structure, we find that the following may be a reasonable picture: As water is added to
polyaphrons, the equilibrium between the aqueous-phase surfactant at the interface and in
the bulk phase is broken and less surfactant molecules are available at the interface. A
structure transition may occur when the interfacial concentration of the aqueous-phase
surfactant is not sufficiently high to hold a bilayer. This theory needs to be verified in
future work.
Although substantial efforts have been made to understand how pure surfactants
influence the surface properties, it remains a challenge to characterize the interaction
between different surfactants in a mixed monolayer. For example, the Kc of mixed
monolayers determined either theoretically or experimentally shows complex nonlinear
dependence on the composition (Dan and Safran 1994, Leikin et al. 1996). Similar to our
results presented in section 3.1, Bergeron (1997) showed that pure C12TAB was unable to
stabilize liquid foam films, whereas stable film was obtained with unpurified C12TAB or
the addition of small amount of dodecanol. However, this behavior was not observed for
C14TAB, where there was no difference between purified and unpurified surfactants.
Similar behavior was observed for foams stabilized by sodium 1-octanesulfonate (Monin
et al. 2000). The foam was unstable with pure surfactant but became stable upon addition
of small amounts of octanol. Therefore, systematic work is needed to understand how the
stability of foams and emulsions is affected by added co-surfactants and other surfaceactive components.
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CHAPTER 4
DNAPL DENSITY MODIFICATION USING
POLYAPHRONS
4.1 Polyaphron Treatment
In order to address the concern for uncontrollable DNAPL mobilization during
remediation processes, we propose a novel density-modification procedure using
polyaphrons. The aim of this polyaphron treatment is to convert the DNAPL phase to an
LNAPL phase in situ by introducing into the contaminated area a light organic species in
the form of polyaphrons or CLAs.
Polyaphron treatment utilizes the switch-like behavior of polyaphrons and CLAs,
which makes them ideal choices for density modification purposes. Their high stability
against coalescence and small size (i.e. low rising velocity) can minimize the loss of the
light organic during the delivery to the target area. They are also capable of mixing with
the DNAPL phase and promoting density reversal once destabilized by contacting with
multivalent counter-ions. Therefore, the polyaphron treatment is a two-step process: (1)
the injection of a polyaphron or CLA comprised of an LNAPL phase into the DNAPLcontaminated zone and (2) the injection of multivalent counter-ions to destabilize the
polyaphron or CLA, upon which LNAPL droplets are released and subsequently mix with
the entrapped DNAPL phase. If a sufficient number of LNAPL droplets mix with the
DNAPL phase, the density difference between the DNAPL and surrounding aqueous
phases can be reversed.
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4.2 Experimental Setup
4.2.1 Materials
1,2-dichlorobenzene (DCB, Sigma Chemical) was used to represent the DNAPL
contaminant. DCB has a density of 1.306 g/mL and a viscosity of 1.308 cp. The
interfacial tension between DCB and water is 40 dyn/cm.
Polyaphrons were made with hexane (Sigma Chemical) containing 0.5% (v/v)
Tergitol 15-S-5 (Sigma Chemical) and 5 g/L SDBS (Aldrich) solution, using the method
described in Chapter 3. The original PVR was 19. The density of hexane is 0.66 g/mL,
which means that an ideal mixture in which the volume ratio of hexane to DCB is 0.88
will have a density of approximately 1.0 g/mL. 50 mM Al(NO3)3 (Aldrich) solution was
chosen to be the destabilizing agent.
Play sand (Quickrette Co.) was used as the porous medium. The play sand was
sieved to obtain a size fraction between 40 and 50 mesh (300-425 micrometer). Then a
cleaning procedure similar to that in Vidrine et al. (2000) was applied. The sand was first
washed with tap water until no dust particles were spotted by naked eye. Then it was
soaked in 1 M HCl solution overnight, followed by a thorough deionized water rinse. The
sand was dried at 110 o C for 24 hours before use.

4.2.2 Sand Column Experiment
A wet packing procedure similar to that used by Roeder et al. (2001) was employed
for the column experiments. A glass column with a length of 30 cm and an inner diameter
of 5.08 cm was first filled with water to about 40% of its total height. The 40-50 mesh
clean sand was then added into the column in 2 cm layers each time until the whole
column was filled. To ensure the sand was tightly compacted, the column was shaken
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several times after each batch of sand was added. 20 mesh and 80 mesh wire screens
were placed at both ends of the sand pack to prevent clogging of the inlet and outlet of
the column.
The pore volume of the sand pack was estimated to be approximately 240 ml by
comparing the weights of dry columns to those of wet columns. Then the porosity ε is:

ε=

240
= 0.41
30 ⋅ π ⋅ 2.5 2

After the packing was finished, 10 ml DCB was placed in the middle of the column
using a syringe. The DCB was dyed with Oil-Red-O (Sigma Chemical) to allow visual
observation. The concentration of Oil-Red-O was 0.27 g/L. Although it was reported that
a similar organic dye at this concentration can lower the interfacial tension between DCB
and water (Tuck et al. 2003), we found that the interfacial tension was still strong enough
to immobilize the DCB in the sand pack, meaning that the dye had little influence on our
experiments.
The column was flushed with about 8 pore volumes (PVs) of DI water at
approximately 8.2×10-3 cm/s to completely trap the DCB in the sand pack. Note that the
velocities reported here and in following sections are superficial velocities. During the
flush, no separate phase DCB was recovered in the effluent, which demonstrated the low
efficiency of pump-and-treat technology. In some experiments, pooling of DCB was
observed on horizontal layers that appeared to correspond to packing layers.
Density modification was performed by injecting a CLA into the sand pack,
followed by 50 mM Al(NO3)3 to promote destabilization of the CLA. Because the
injection of polyaphrons may require a large pressure gradient due to their high apparent
viscosity, we chose CLAs instead. The surfactant flooding with 4 g/L hexadecyl
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trimethylammonium bromide (HTAB) (Sigma Chemical) was the final step to lower the
interfacial tension and mobilize the NAPL phase. The CLA was obtained by diluting 100
mL of the polyaphron (PVR 19) with 90 mL deionized water so that the composition of
hexane in the CLA was 50% by volume. During injection the CLA was stirred gently to
prevent any gravitational creaming. All fluids were injected into the sand pack using a
metering pump (Fluid Metering, Inc.) equipped with a pulse dampener.
During the density modification experiments, the column was photographed using a
Hewlett Packard digital camera to provide qualitative information on the DCB
movement. Some photographs shown in following sections have been transformed into
binary images using MATLAB’s image processing toolbox, which provides contrast
between the contaminant and water and allows for computation of the center of mass of
the imaged DCB. The computed centers of mass are not representative of the threedimensional source, since the images that are analyzed and projected in a twodimensional manner and the column is opaque. However, this technique provides a
qualitative measure of the contaminant motion. In some experiments, the column effluent
was collected and analyzed using nuclear magnetic resonance (NMR) to quantify the
composition of the displaced NAPL phase
The experimental setup is shown in Figuire 4.1, and the experimental conditions are
summarized in Table 4.1 and are discussed in the next section.

56

Figure 4.1 Experimental Setup
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Table 4.1

CLA

Summary of Experimental Conditions

Al

HTAB

vol
Darcy
vol
Darcy
vol
Darcy
injected Velocity
injection injected Velocity
injection injected Velocity
injection
−3
−3
−3
experiment (PV) ( × 10 cm/s) direction (PV) ( × 10 cm/s) direction (PV) ( × 10 cm/s) direction
1
2
3
4
5
6
7
8

0.70
0.67
0.67
0.70
0.46
0.46
0.45

1.25
1.41
1.36
1.36
1.36
1.36
1.41

upward
upward
upward
downward
upward
downward
upward

0.70
0.44
0.44
0.61
0.44
0.44
0.43

1.25
1.56
0.42
1.13
1.36
1.36
1.45

upward
upward
upward
downward
upward
downward
upward

a

0.79 for the first 1.0 PV, 1.67 for the rest
0.81 for the first 0.46 PV, 1.67 for the rest
c
0.82 for the first 0.5 PV, 1.64 for the rest

b
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2.00
1.00
1.25
1.00
1.05
2.04
1.17
1.50

0.93
0.84
1.27
1.23
1.13
a
b
c

upward
upward
upward
upward
downward
upward
downward
downward

vol ratio
(hexane/
DCB)

DCB
recovery
(%)

8.4
8.0
8.0
8.4
4.4
4.4
4.3

97
81
70

4.3 Results and Discussion
4.3.1 Results of Column Experiments
A baseline experiment (experiment 1) was performed to illustrate the fundamental
danger when dealing DNAPLs with surfactant flooding. In this experiment, 2.0 PV 4 g/L
HTAB solution was injected in upward direction at 0.93×10-3 cm/s. Although the flow
direction was upward, hydrodynamic drag was insufficient to counteract gravitational
forces, so upon reduction of the interfacial tension by the surfactant, the bulk DCB phase
was mobilized downward as shown in Figure 4.2. The DCB phase began to migrate
downward after only ~0.6 PV of surfant flooding, while after 0.95 PV a significant
fraction of DCB was observed below its initial position, with the center of mass moving
downward as well. For the second pore volume of surfactant flooding, the position of the
center of mass remained unchanged. The DNAPL phase reached the bottom of the
column after 1.45 pore volumes, which in reality represents the risk of losing DNAPL
contaminant to deeper, formerly uncontaminated areas. No DCB phase was observed in
the column effluent during the experiment.
Our first attempt of the density modification was carried out by the upward injection
of all fluids (experiment 2). A CLA followed by Al3+ solution were injected (0.7 PV
each) at a superficial velocity of 1.25×10-3 cm/s. The process was completed by injection
of one pore volume HTAB surfactant at 0.84×10-3 cm/s. The volume ratio between
injected hexane and DCB was 8.4. Figure 4.3 contains photographs of this experiment.
After approximately 0.5 PV CLA, the contaminated zone began to shift slowly to the top
of the column. During the injection of Al3+, the DCB phase kept moving upward slowly,
but no NAPL phase was observed in the effluent. CLA breakthrough occurred at about
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0.2 pore volumes of Al3+. The injection of HTAB significantly accelerated the motion of
DCB, with DCB being recovered from the effluent as a mixture of DCB and hexane after
approximately 0.15 pore volumes of HTAB. At the end of surfactant flooding, 97% of the
DCB was recovered in the effluent. Most of the DCB was recovered in a separate
LNAPL phase, while a small fraction formed microemulsions due to the solubilizing
effect of HTAB. More importantly, one can recognize the contrast in behavior of the
DNAPL phase as compared to upward injection of surfactant only (experiment 1), as
illustrated by the center of mass computations presented in Figure 4.4.

8 PV
DI Water

0.32 PV
HTAB

0.59 PV
HTAB

0.95 PV
HTAB

1.45 PV
HTAB

1.95 PV
HTAB

Figure 4.2 Experiment 1: DCB movement due to upward-directed surfactant flooding
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In experiment 2, a large fraction of hexane flowed out of the column in the form of
stable aphrons. This observation indicates inefficient in-situ contacting between the
polyaphron and the injected cation, most likely due to plug-flow displacement of the
CLA by the cation solution. This behavior is most likely caused by the experimental
setup: the homogeneous medium and the one-dimensional flow geometry tend to
encourage a plug-flow type displacement. In addition, the larger bulk density of the

8 PV
DI Water

0.62 PV
CLA

0.35 PV
Al(NO3)3

0.24 PV
HTAB

0.86 PV
HTAB

Figure 4.3 Experiment 2: DCB movement due to upward-directed injection of CLA and
surfactant flooding
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Experiment 1

Vertical DCB displaced from original position (cm)
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Experiment 2
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6
4
2
0
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0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Pore volumes surfactant injected

Figure 4.4 Vertical DCB location in the column during surfactant flooding:
With and without density modification
cation solution than the CLA promotes a gravitationally stable displacement. It should
also be noted that this latter effect should compete with a viscous instability caused by the
higher bulk viscosity of the CLA, though it is not known which effect is dominant under
the current conditions.
There exist a number of possible ways to address this problem. If the flow has a
strong vertical component (upward or downward), then the injection sequence (CLA vs
cation) can be designed with the heavier solution above the lighter solution. Likewise,
viscous fingering can aid in mixing the two bulk fluids. Under some conditions, taking
advantage of these flow instabilities would require reversal of the injection sequence (i.e.,
injecting the destabilizing cation ahead of the CLA).
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A second way to address the contacting problem is based on the hypothesis that the
bulk CLA may exhibit yield-stress behavior in a porous material, meaning that a certain
critical stress (e.g., pressure gradient) must be applied before motion of the bulk CLA
occurs. Assuming this were true, flow through the continuous aqueous phase would occur
even at pressure gradients below the critical value, thus allowing a destabilizing cation
solution to be injected slowly into the bulk polyaphron solution without mobilizing it
significantly. This possibility appears feasible based on two column tests that were
performed without DNAPL present. In the first case, 0.625 PV of CLA was injected into
the bottom of the column, followed by 0.83 PV of Al3+. The flow rates of both fluids
were 1.64×10-3 cm/s. During injection of Al3+, a large fraction of the polyaphron solution
was recovered in the effluent. In the second experiment, the injection rates were reduced
to 0.41×10-3 cm/s. In this case, virtually no CLA nor bulk hexane phase was observed in
the effluent. These results have important implications because this method can be
applied to horizontal injections as well as vertical, the former being more frequently
encountered in a field situation.
Two column experiments were carried out to examine the effectiveness of above
proposals. In the first experiment (experiment 3), the injection sequence of CLA and Al3+
was switched, as suggested by the first method. In this experiment, 0.44 PV of Al3+
solution (1.56×10-3 cm/s) followed by 0.67 PV of CLA (1.41×10-3 cm/s) was injected into
the bottom of the sand pack. The hexane content of CLA was still 50% and the volume
ratio between hexane and DCB was 8.0. The treatment was completed with the upward
injection of 1.25 PV of HTAB solution (1.25×10-3 cm/s). In the second experiment
(experiment 4), we lowered the inject rate of Al3+ to one third of that used in
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8 PV
DI Water

0.67 PV
CLA

0.08 PV
HTAB

0.42 PV
HTAB

0.75 PV
HTAB

1.25 PV
HTAB

Figure 4.5 Experiment 3: DCB movement due to upward-directed polyaphron treatment
with switched sequence, and surfactant flooding
experiment 2, while the injection sequence and direction remained the same, as suggested
by the second solution. The injection scheme was composed of 0.67 PV of CLA, 0.44 PV
of Al3+ and 1.0 PV of HTAB solution. The injection rates were 1.36×10-3 cm/s, 0.42×10-3
cm/s and 1.23×10-3 cm/s, respectively.
Figure 4.5 and Figure 4.6 show the photographs from experiment 3 and experiment
4, respectively. The results were qualitatively similar to that of experiment 2, with the
recovery efficiency for the two experiments being 81% and 70%, respectively. It appears
that both solutions failed to improve the contacting, suggesting that uncontrollable factors
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8 PV
DI Water

0.67 PV
CLA

0.44 PV
Al(NO3)3

0.33 PV
HTAB

0.75 PV
HTAB

1.0 PV
HTAB

Figure 4.6 Experiment 4: DCB movement due to upward-directed polyaphron treatment
with lowered injection rate, and surfactant flooding
such as the initial position of DCB may play an important role on the contacting between
CLA and Al3+, as well as the mixing between destabilized CLA and DCB. Although the
recovery efficiency was low as compared to experiment 2, no downward migration of the
DNAPL phase was observed in both experiments, indicating that our density
modification method is effective in minimizing the risk of uncontrollable DNAPL
movement.
In these two experiments, the effluent samples were collected in 20 mL vials and
were analyzed for the composition of DCB in the bulk organic phase, which were shown
in Figure 4.7. The effluent compositions of both experiments show similar behavior: the

65

content of DCB in the NAPL phase dropped from approximately 0.4 at 0.25 PV of HTAB
solution to 0.3 and remained constant over the next 0.35 PV of HTAB. After 0.6 PV of
HTAB, however, the content of DBC began to increase. In experiment 4 we noticed that
a small amount of bulk organic phase denser than water was collected in the effluent,
which corresponds to the point where the fraction of DCB exceeds 0.9 in Figure 4.7. This
data point apparently contradicts the experiment 1 results that viscous forces were not
strong enough to carry the DNAPL upward. A number of possible explanations exist for
this anomalous data point. Likely explanations include higher local velocities due to
channeling, where the bulk polyaphron solution acted as a high-viscosity fluid, or simply
that the small density change was enough to change the balance of drag versus

1
Experiment 3

0. 9

Experiment 4

Fraction DCB in NAPL phase effluent

0. 8
0. 7
0. 6
0. 5
0. 4
0. 3
0. 2
0. 1
0
0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

Pore volumes surfactant injected

Figure 4.7 DCB compostion in bulk effluent organic phase experiment 3 and 4
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8 PV
DI Water

0.68 PV
CLA

0.60 PV
Al(NO3)3

0.50 PV
HTAB

1.0 PV
HTAB

Figure 4.8 Experiment 5: DCB movement due to downward-directed polyaphron
treatment and surfactant flooding
gravitational forces. Again, only a small amount of DCB was displaced from the sand
pack by dissolution in both experiments. Assuming the mixing between DCB and hexane
is ideal, one can also recognize from Figure 4.7 that the average density of the NAPL
phase at the effluent is approximately 0.85 g/L, well below that of water.
An equivalent experiment was conducted in which all fluids were injected in
downward direction (experiment 5). Figure 4.8 shows photographs from this experiment.
0.7 PV of CLA, 0.61 PV of Al3+ solution and 1.05 PV of HTAB solution were
subsequently injected into the top of the column. The injection rates were 1.36×10-3 cm/s,
1.13×10-3 cm/s and 1.13-3 cm/s, respectively.
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Throughout the experiment, no bulk organic phase was observed in the effluent.
More importantly, both visual observation and mass of center computations indicated a
net upward movement of DCB, which requires sufficient buoyancy to offset the
downward viscous drag force. Because this upward movement is not caused by
hydrodynamic drag forces, it provides additional confirmation (independent of the NMR
analysis) that in-situ density difference reversal occurred.

4.3.2 Effect of The Amount of CLAs
To investigate the influence of the amount of CLAs, several further experiments
were conducted, in which the amount of hexane injected was halved, i.e. the hexane/DCB
ratio was reduced to 4. Figure 4.9 contains photographs of an experiment (experiment 6)
where 0.46 PV of CLA (40% hexane by volume) and 0.44 PV of Al3+ solution were
injected, followed by 2.04 PV of HTAB. All fluids were injected in upward direction.
The injection rates of CLA and Al3+ were 1.36×10-3 cm/s. The first pore volume of
HTAB solution was injected at 0.79×10-3 cm/s, while the injection rate was doubled for
the rest. In this experiment, significant downward migration of DCB was observed before
the surfactant flooding. Although injection of HTAB surfactant was able to promote DCB
movement in upward direction, the hydrodynamic drag was clearly not enough to
overcome the gravitational and capillary forces even at higher injection rate. At the end of
surfactant flooding, only a small amount of DCB was recovered in the effluent, with the
rest of the NAPL phase was entrapped in the sand pack as residuals. This behavior
demonstrates the risk that, upon the mixing between DCB and hexane, the surfactant
dissolved in hexane may significantly lower the interfacial tension between the DNAPL
and aqueous phases so that the capillary barrier is removed before enough hexane mixes
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8 PV
DI Water

0.46 PV
CLA

0.44 PV
Al(NO3)3

0.17 PV
HTAB

0.60 PV
HTAB

1.02 PV
HTAB

2.04 PV
HTAB

Figure 4.9 Experiment 6: DCB movement due to upward-directed polyaphron treatment
(hexane/DCB=4) and surfactant flooding
with the DNAPL phase to achieve density difference reversal. The above concern is also
verified by an experiment where bulk hexane phase was injected into the sand pack. The
results are shown in Figure 4.10. 0.17 pore volumes hexane (hexane/DCB ratio = 4)
containing 0.5% (v/v) Tergitol 15-S-5 was injected in the upward direction, followed by
one pore volume of HTAB solution. The DNAPL phase was observed at the bottom of
the column even before any HTAB solution was injected, indicating that the organicphase surfactant in CLA is capable of mobilizing the DNAPL phase by itself.
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8 PV
DI Water

40 ml
Hexane

0.25 PV
HTAB

0.5 PV
HTAB

Figure 4.10 DCB movement due to injection of bulk phase hexane and surfactant
flooding
Figure 4.11 contains the photographs from experiment 7, where all fluids were
injected in the downward direction. The volumes of CLA, Al3+ and HTAB were 0.46,
0.44 and 1.17 PV, respectively. The injection rates of CLA and Al3+ were identical with
experiment 6. The first 0.5 PV of HTAB was injected at 0.81×10-3 cm/s and the
remaining 0.67 PV was injected at 1.67×10-3 cm/s. Similar to experiment 6, injection of
CLA and Al3+ in this experiment failed to prevent the downward migration of the
DNAPL phase. After the injection of CLA and Al3+, no significant movement of DCB
was observed, indicating that either inefficient destabilization of CLA or poor mixing
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8 PV
DI Water

0.46 PV
CLA

0.44 PV
Al(NO3)3

0.14 PV
HTAB

0.25 PV
HTAB

0.63 PV
HTAB

1.17 PV
HTAB

Figure 4.11 Experiment 7: DCB movement due to downward-directed polyaphron
treatment (hexane/DCB=4) and surfactant flooding
between DCB and the destabilized CLA occurred. Unlike in experiment 6, where the
surfactant flooding appeared to cause some DNAPL movement in upward direction, the
injection of HTAB solution in this experiment resulted in completely uncontrollable
downward migration of DCB. After approximately 1.2 pore volumes surfactant flooding,
the DNAPL phase was observed in the effluent and the experiment was terminated.
The photographs shown in Figure 4.12 were for an experiment where the
hexane/DCB ratio was still 4, but the polyaphron and Al3+ solutions were injected in the
upward direction and the surfactant was injected in downward direction (experiment 8).
The injection volumes of CLA, Al3+ solution and HTAB solution were 0.45, 0.43 and 1.5
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PV, respectively. The injection rates of CLA and Al3+ solution were 1.41×10-3 cm/s and
1.45×10-3 cm/s, respectively. The first 0.5 PV of HTAB was injected at 0.82×10-3 cm/s
and the rest was injected at 1.64×10-3 cm/s. Surprisingly to some extent, the downward
migration of DCB was successfully controlled in this experiment, despite the unchanged
hexane/DCB ratio. After the CLA and Al3+ were injected, no DCB movement was
observed, indicating that no mixing occurred, most likely due to no contact between
destabilized CLA and DCB. Upon the injection of HTAB solution, DCB began to move
towards the bottom of column. After approximately one pore volume of surfactant

8 PV
DI Water

0.45 PV
CLA

0.43 PV
Al(NO3)3

0.46 PV
HTAB

1.00 PV
HTAB

1.45 PV
HTAB

Overnight

Figure 4.12 Experiment 8: DCB movement due to upward-directed polyaphron treatment
and downward-directed surfactant flooding. Downward DCB migration was stopped by a
bank of the destabilized CLA.
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flooding, however, the downward migration of the NAPL phase stopped. During the
subsequent surfactant flooding, the NAPL phase moved in upward direction, opposite to
the direction of flow. This fact clearly suggested that the density difference was reversed.
A reasonable explanation for this behavior, which was not observed in other experiments
where all fluids were injected in an upward or downward manner, is that destabilized
CLA formed a bank of hexane droplets at the lower part of the column and prevented
DCB from penetrating, thus controlled the downward migration. This experiment
demonstrates that, in a situation with horizontal injections, one can set an effective barrier
with destabilized CLA to prevent the downward migration of the DNAPL phase.

4.3.3 Discussion
The results of our experiments reveal that density-modification performance depends
strongly on details of the treatment procedure, and also on uncontrollable factors such as
the specific initial distribution of contaminant in the column and its impact on the local
permeability. Our approach can be effective with a relatively small volume of injection,
but appropriate process design is necessary, which should be addressed in future work.
Through the results presented above, one can clearly recognize that the polyaphron
treatment has several advantages over other density modification methods:
1)

The injection volume of the light chemical species is small as compared to other
works presented in Chapter 2. In the experiments with satisfactory results, the
largest volume ratio of the injected light chemical species to the DNAPL
contaminant was 8.4 to 1, which is much lower than the values required for
other techniques.
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2)

Our method is not sensitive to dispersive dilution, since the light phase is
immiscible with water and destabilization of CLA only requires a very low
concentration of Al3+, as indicated in Chapter 3. This fact also ensures that our
method does not require injection of highly concentrated solution and thus will
not cause significant change to the subsurface ecology. It should also be noted
that CLAs can be spread by dispersion but chemical dilution will not occur.

3)

The final density of the NAPL phase can be controlled over a wide range by
choosing the injected volume of light chemicals, since the density modification
is not affected by thermodynamic equilibrium conditions. It is possible to lower
the density of the DNAPL phase to a value significantly lower than that of
water.

4)

Because polyaphrons can be prepared using virtually any organic liquid with
limited solubility in water, we have a wide range of choices over the light
chemical species. Environmentally benign chemicals such as vegetable oil can
be used as the density-modifying agent. In this case, one does not need to worry
about the CLAs that are not destabilized or those that are destabilized but do
not mix with the DNAPL contaminant.
The most important fundamental question that must be addressed is the mechanism

of microscale mixing between the two organic phases. Neither column experiments nor
preliminary micromodel visualization experiments show evidence of direct coalescence
between aphrons and the DNAPL phase during the flow of polyaphrons or CLA through
the porous medium, which suggests that destabilization is a crucial step in the mixing
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process. It remains unclear whether mixing occurs during destabilization or whether the
mobilization of the bulk DNAPL by IFT reduction is a crucial step in the mechanism.
Important technical issues include heterogeneity and chemistry in the field, which
can produce dramatically different behavior than is observed in column studies. The
effective delivery of polyaphrons to the source depends on identification of the source
zone, which is a challenging problem by itself. Tracers are common tools for source zone
identification, and because the small polyaphron particles respond mainly to
hydrodynamic rather than gravitational forces, we believe that that their flow patterns are
similar to dissolved solutes (i.e., tracers). Hence, the use of tracers to create templates for
polyaphron injection will be studied.
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CHAPTER 5
NUMERICAL SIMULATIONS OF DROP DYNAMICS
As discussed in Chapter 4, the destabilization of polyaphrons in porous media,
which is characterized by the coalescence of individual aphrons, appears to be a crucial
step in the mixing between the light organic and DNAPL phases. In order to tune the
polyaphron treatment to maximize its efficiency, we need to know how the coalescence
behavior in porous media is affected by various system parameters (e.g. the injection rate
and the organic to aqueous phase viscosity ratio), and identify the most important ones.
Since experimental investigations on this issue are quite difficult, we choose to improve
our understandings through numerical simulations.

5.1 Problem Formulation
The motion and interaction of freely suspended liquid drops in a constricted capillary
tube is a prototype problem that is useful in analyzing the motion of immiscible drops in
porous media. In the present work, of particular interest is the coalescence behavior of
emulsion drops, since it will help us gain some insight into the microscale mixing of
destabilized polyaphrons in porous media.
We considered the flow of a pair of neutrally buoyant drops of the same radius a,
suspended in an immiscible fluid in a two-dimensional, periodic constricted capillary
tube. The flow domain is shown in Figure 5.1. Both the exterior and drop phases are
incompressible Newtonian fluids. The viscosity of the exterior and drop phases are µ
and λµ , respectively. The flow is driven by a constant pressure drop ∆p across the
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Figure 5.1 The flow domain
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constriction. The fluid-fluid interface is characterized by the interfacial tension γ , which
is assumed to be a constant.
In the exterior phase, the flow is governed by the continuity and Stokes’ equations:
∇ ⋅u = 0

(5 - 1)

∇P = ∇ 2u
where P is the pressure and u is the velocity in the exterior phase. Similarly, the
governing equations in the drop phase are:
∇ ⋅ ud = 0
(5 - 2)

∇P = ∇ 2 u d
where u d is the velocity in the drop phase.
The boundary condition along the constriction wall Γ (red line in Figure 5.1) is the
no-slip condition:
u=0

(5 - 3)

The boundary conditions along the fluid interface Γd (green line in Figure 5.1) are
continuity of velocity and the jump in traction:

u = ud
∆f = σ ⋅ n − σ d ⋅ n = γ (∇ ⋅ n)n

(5 - 4)
(5 - 5)

where n is the unit normal vector pointing away from the exterior fluid, ∇ ⋅ n is the
mean curvature of the interface, ∆f is the jump in traction, and σ and σ d are the stresses
for the exterior and drop phases, respectively. Here the stresses are modified to include
the surface forces, which are treated as conservative body forces (Pozrikidis, 2001). The
expression of surface forces can be found in Chapter 2.
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Periodic boundary conditions are imposed at the upstream and downstream
boundaries (blue line in Figure 5.1). The tractions and velocities at the upstream
boundary are solved as unknowns. The velocities and tangential tractions downstream are
equal to the corresponding values at the upstream boundary, while the normal tractions
are equal to the values upstream after subtracting the pressure drop due to the constant
pressure drop assumption.
The evolution of the fluid interface follows the kinetic condtion:

∂x
⋅n = u ⋅n
∂t

(5 - 6)

where x is the position vector on the interface. Since the fluid interface is free, its shape
is unknown a priori and must be solved together with the velocity field and tractions.
The typical diameter of aphrons is 1 to 10 micrometer and the length scale of the
separation between them is of sub-micrometer during our simulations. To avoid the
mathematical difficulty in dealing with such a small scale, the governing equations are
nondimensionalized as follows: we choose the radius of the drops, a , as the length scale;
∆p is taken as the characteristic pressure; the time is scaled by µ / ∆p . Using this scaling

method, the magnitude of most variables is between O(1) and O( 10 −2 ) .
In a typical system, the viscosity µ = 10 −3 Pa ⋅ s and the surface tension

γ = 10 −4 N / m . Then, for 10 micron-size drops and velocities u ~ O(10 −3 )m / s , we find
that the capillary number Ca ~ 10 −2 and the Reynolds number Re ~ 10 −2 , which satisfies
the requirement of the Stokes equation.
In the present work, we do not consider the effect of surfactant adsorption and
diffusion on the fluid interface. In the context of polyaphrons, we assume that the surface
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concentration of surfactant molecules is so high that the tangential surface mobility is
completely suppressed. Note that, although the fluid interface is tangentially immobile, it
is still deformable in the normal direction. Further, we neglect the effect of bulk
surfactant diffusion. We also assume that the surface forces between drops and the
constriction wall are negligible. This assumption is valid when the surface charge on the
constriction wall is weaker than that on the drops (Ramachandran et al. 2000).

5.2 Boundary Element Method
In order to solve the governing equations (5-1) and (5-2) with the boundary
conditions (5-3) - (5-5), they are reformulated into the numerical scheme of the boundary
element method, i.e. the Stokes equations are converted to a series of integral equations
that are evaluated at elements along the boundary. Here we outline the formulation of the
boundary integral equations.
The two-dimensional Stokes flow induced by a singular force is governed by
(Pozrikidis 1991):
∇ ⋅u = 0

− ∇P + µ∇ 2u + bδ ( x − x 0 ) = 0

(5 - 7)
(5 - 8)

where δ is the two-dimensional delta function, b is the singular force acting at x 0 and
∇ 2 is the two-dimension Laplacian operator. The velocity u and stress σ can be written

in the form of the Green’s function G :
ui ( x ) =

σ ik (x) =

1
4πµ

Gij (x , x 0 )b j

1
Tijk (x , x 0 )b j
4π

where i , j , k = 1, 2 are the coordinates and T is the stress tensor:
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(5 - 9)
(5 - 10)

Tijk (x , x 0 ) = −δ ik p j (x , x 0 ) +

∂Gij
∂xk

(x , x 0 ) +

∂Gkj
∂xi

(x , x 0 )

(5 - 11)

where p is the pressure vector.
The following relationship is valid for any two non-singular flows u and u* with
corresponding stress σ and σ* (Pozrikidis 1991):
∂
(u i*σ ik − u iσ ik* ) = 0
∂x k

(5 - 12)

Substituting equation (5-9) and (5-10) into the above equation and dropping the
difference between u and u* , we obtain:
∂
[Gij (x, x 0 )σ ik (x) − µ ui (x)Tijk (x, x 0 )] = 0
∂xk

(5 - 13)

Integrating the above equation in a bounded domain with boundary S and applying
the divergence theorem, we obtain:
u j (x 0 ) = −

1

σ
4πµ ∫
S

ik

(x)nk (x)Gij (x, x 0 )dS (x) +

1
4π

∫ u (x)T
S

i

ijk

(x, x 0 )nk (x)dS (x)
(5 - 14)

By replacing the σ ik ( x)nk ( x) term with the surface traction f = σ ⋅ n , we obtain the
flow represented by the boundary distributions of the Green’s function G and the stress
tensor T :
u j (x 0 ) = −

1

4πµ ∫

S

f i (x)Gij (x, x 0 )dS (x) +

1
4π

∫ u (x)T
S

i

ijk

(x, x 0 )nk (x)dS (x)
(5 - 15)

The first integral is called the single layer potential and the second integral is called
the double layer potential, where f i (x) and ui (x) can be regarded as the distribution
density for the single and double layer potentials, respectively.
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To obtain the boundary integral equation, we need to let the point x 0 approach the
boundary. The single layer potential is continuous over the whole domain, whereas the
double layer potential has a jump over the fluid interface (Pozrikidis 1991):
Cij u j (x 0 ) = −

1

4πµ ∫

S

f i (x)Gij (x, x 0 )dS (x) +

1
4π

∫ u (x)T
i

S

ijk

(x, x 0 )nk (x)dS (x)

for x 0 ∈ Γ

(5 - 16)

where C ij is the principal tensor, which accounts for the jump in the double layer
potential, as x 0 passes from one phase to the boundary. Its value depends on the
smoothness of the boundary. If the tangent plane at x 0 is well defined, the principal value
is equal to

1
δ ij .
2

Similarly, for x 0 on the fluid interface, the boundary integral equation reads:
Cij u j (x 0 ) =

1

4πµλ ∫

S

f i (x)Gij (x, x 0 )dS (x) −

1
4π

∫ u (x)T
i

S

ijk

for x 0 ∈ Γd

(x, x 0 )nk (x)dS (x)

(5 - 17)

Using equations (5-15) and (5-16) and the boundary condition (5-4) and (5-5), we
obtain for x 0 ∈ Γ :
u j (x 0 ) = −

−

1

2πµ ∫

Γd

1

2πµ ∫

Γ

f i (x)Gij (x, x 0 )dS (x) +

∆f i (x)Gij (x, x 0 )dS (x) +

1
2π

∫ u (x)T
Γ

i

ijk

(x, x 0 )nk (x)dS (x)

(1 − λ )
ui (x)Tijk (x, x 0 )nk (x)dS (x) (5 - 18)
2π ∫Γd
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where ∆f is the traction jump as defined in (5-5). Similarly, we obtain for x 0 ∈ Γd :
(1 + λ )u j (x 0 ) = −

−

1
2πµ1

∫

Γd

1
2πµ1

∫

Γ

f i (x)Gij (x, x 0 )dS (x) +

∆f i (x)Gij (x, x 0 )dS (x) +

1
2π

∫ u (x)T
Γ

i

ijk

(x, x 0 )nk (x)dS (x)

(1 − λ )
ui (x)Tijk (x, x 0 )nk (x)dS (x) (5 - 19)
2π ∫Γd

To determine the dynamics of drops in a constricted capillary tube, one only needs to
solve the linearized Stokes equation (5-17) and (5-18). Once the boundary values are
obtained, the velocity field in the domain can be readily calculated using equation (5-15).

5.3 Numerical Method
The surface of each drop is divided into N intervals. For the sake of simplicity, the
unknowns are located at the midpoint of each element and remain constant within the
element. For the constriction wall and the downstream and upstream boundaries, we use
piecewise linear segments. Because the evaluation of the surface curvature ∇ ⋅ n , which
is used in equation (5-5) to calculate the traction jump across the interface, involves
second order derivatives of the coordinates, we use periodic cubic splines with the
progressive arc length ξ as the parameter to represent the droplet surface to ensure that
x1 and x 2 are twice differentiable functions:

x1 = x1 ( ξ ) = a1 + b1ξ + c1ξ 2 + d1ξ 3
(5 - 20)
x 2 = x 2 ( ξ ) = a 2 + b2ξ + c 2ξ 2 + d 2ξ 3
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Then the unit normal vector is:
dx1
dξ
n1 = −
dx1 2
dx
[( ) + ( 2 ) 2 ]1 / 2
dξ
dξ
(5 - 21)
dx 2
dξ
n2 = −
dx1 2
dx
[( ) + ( 2 ) 2 ]1 / 2
dξ
dξ
The curvature at drop surface can be found as:
d 2 x1 dx2 d 2 x2 dx1
−
dξ 2 dξ dξ 2 dξ
∇ ⋅n =
dx
dx
[( 1 ) 2 + ( 2 ) 2 ]3 / 2
dξ
dξ

(5 - 22)

Along the linear segments, an analytical expression of the integral of the single and
double layer potentials is possible, while a six-point Gauss quadrature is employed to
perform the integral along the curved interface.
Because only the pressure drop is known in the boundary conditions, a pressure
value must be specified at an arbitrarily chosen element, otherwise we will have a set of
equations with infinite number of solutions. In our simulations we set the normal traction
at the element located at the center of the upstream boundary equal to zero.
At the beginning of a typical simulation, a pair of drops of equal size is placed near
the upstream boundary. The initial positions of the drops, as shown in Figure 5.1, are set
to be symmetric with respect to the x1 axis and remain same for all simulations.
In each time step, we use equation (2-18) or (2-21) to calculate the critical thickness
hc, depending on if a film is recognized, and compare it with the separation h between
drop surfaces. If h<hc, coalescence occurs. Because the drops are symmetric due to the
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symmetry in their initial positions and in the constriction, h can be conveniently found as
2x2min, where x2min is shortest distant between the drop surface and the x1 axis. When the
separation between two drops is large, they maintain their circular shapes. As they come
closer to each other, the surfaces begin to deform slowly and the parts facing each other
become flat. This fact allows us to recognize the film formation based on geometric
consideration: a film forms when the curvature at the minimum separation point is below
a critical value, usually 1 . The separation h is taken as the film thickness, while the film
3a

diameter is the difference in x1 coordinate between the two points on the drop surface
where the surface curvature is equal to the critical value.
When the critical thickness hc is calculated using equation (2-18), we need the
hydrodynamic driving force F acting on the drops. However, we cannot learn this
information from the solution of the integral equations formulated above. In this case, we
solve the boundary integral equations for the exterior phase to obtain the tractions acting
along the fluid interface, where we have a new boundary condition since the interfacial
velocities are known. Then the tractions are integrated along the interface to obtain F.
When updating the fluid interface, a variable time step strategy is employed so that
the maximum deformation will not exceed a certain value:
∆t =

| ∆x |max
| u |max

(5 - 23)

where | ∆x |max is the maximum deformation the interface is allowed to take during one
time step and | u |max is the maximum velocity among all boundary elements.
It should be noted that | ∆x |max is a constant only if the drops are far away from the
constriction wall and the separation h is large. When the drop surface is very close to the
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wall or the surface of the other drop, using a constant | ∆x |max to evolve the interface may
cause marker points to cross the constriction wall or to move into the other drop.
Therefore, some precaution is taken. The shortest distance between the drop surfaces and
the constriction wall is measured at each step, as well as h. If | ∆x |max is larger than one
half of either of these two values, it will be replaced by one half of that value to ensure
that no marker point will move into the other drop or out of the constriction wall.
Due to the uneven distribution of the velocity over the interface, the marker points
tend to concentrate at the advancing part of the drop after a short period of time. To
address this concern, these points were redistributed in each step to ensure that they are
uniformly distributed.
The simulation is typically carried out in following steps:
1)

Solve the linearized integral equations for the velocities and

tractions along the boundary;
2)

Solve the integral equations again for the tractions on the fluid

interfaces;
3)

Compare h and hc to see if coalescence occurs;

4)

Update the fluid interface.

We checked the numerical accuracy by measuring the change in the volume of the
drops. In Figure 5.2 we show the relative error in the volume of drops as a function of the
dimensionless time for different values of | ∆x |max and N. The parameters used are given
in Table 5.1. All curves are of the same oscillatory pattern, with the error rising slowly as
the time progresses. For the simulation where N=16 and t=0.005, the drops coalesced
after t reaches approximately 40, which did not occur for other configurations. We find
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Table 5.1
The parameters used in simulations for numerical error check
a ( µ m)
10

γ (N/m)

λ

-4

Celectrolyte(Z:Z)
-5

1

10

10

M (1:1)

2a/Rt
1.33

Rb/Rt
2.67

that a value of 24 for N and 0.005 for| ∆x |max give satisfactory results, beyond which
refining both parameters does not improve the numerical accuracy.

5.4 Results
In this section we present the effects of various factors on the coalescence behavior
of the pair of drops as they are pushed through the constriction. These factors include the
capillary number Ca, the interfacial tension γ , the viscosity ratio λ , the nature and
concentration of the added electrolyte, the drop to pore size ratio 2a/Rt, the pore body to
throat size ratio Rb/Rt and the type of pore geometry.

5.4.1 Effect of The Capillary Number Ca
The capillary number Ca is defined as:
Ca =

µU
γ

(5 - 24)

where U is the bulk fluid velocity, which is calculated by averaging over the upstream
boundary:
U=

1
R0

∫

R0

u ⋅ n d x2

0

(5 - 25)

Because the bulk fluid velocity is a function of time, mean quantities are used:
U =

1
t − t0

t

∫ U ( t )dt
t0
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(5 - 26)
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(b) Constant N (N=24)
Figure 5.2 The effect of | ∆x | max and N on the relative numerical error
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___

Ca =

µU
γ

(5 - 27)

In discussions below, the capillary number Ca refers to the mean value. Figures 5.36 show the evolution of drops with Ca=1.18×10-2, 5.02×10-2, 6.42×10-2 and 10.6×10-2,
respectively. The parameters are the same as those given in Table 5.1.
For the case where Ca=1.18×10-2, the drops only deform slightly as they approach
the pore throat. Collision occurs at the entrance of the pore throat, which causes the drops
to coalesce. When coalescence occurs, their shapes are still near-circular and no flat film
is observed between them. In the case where Ca=5.02×10-2, the drop shape extends and a
flat film develops between them as they enter the pore throat. Coalescence occurs at the
center of the pore throat, where the separation h comes to a minimum. After coalescence,
the trailing interface of the coalesced drop experiences a slight indentation with negative
curvature, which is not observed in the Ca=1.18×10-2 case. In both cases, coalescence
occurs when the two drops are pressed together. The evolution of drops at Ca=6.42×10-2
is similar to that at Ca= 10.6×10-2, with the only difference being that the minimum
separation hmin is larger for the latter case.
When other parameters are fixed, hmin is solely determined by the capillary number
Ca. We show the relationship between hmin and Ca in Figure 5.7. The points can be
divided into two groups. For Ca ≤ 5.02×10-2, hmin increases almost linearly with
increasing Ca, while for Ca ≥ 6.42×10-2, hmin still changes linearly with increasing Ca, but
more steeply. In the cases where coalescence does not occur, the dependence of hmin on
Ca shown by our results is stronger as compared to the results in unbounded shear flow
(Chesters 1991), most likely due to the effect of the constriction.
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Figure 5.3 Evolution of drops: Ca=1.18×10-2. at time 0.4.8.16…80
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Figure 5.4 Evolution of drops: Ca=5.02×10-2. at time 0.4.8.16…80
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Figure 5.5 Evolution of drops: Ca=6.42×10-2. at time 0.4.8.16…80
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Figure 5.6 Evolution of drops: Ca=10.6×10-2. at time 0.4.8.16…80
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Figure 5.7 Effect of the capillary number Ca on hmin
From Figure 5.3-7, one can see that, as the minimum separation hmin increases
monotonically with increasing Ca, coalescence is always favored at low capillary number
and is prohibited at high capillary number. This observation is consistent with the results
of other authors (Hu et al. 2000, Zhou et al. 2003), as mentioned in Chapter 2. This fact
also enables us to locate the critical capillary number Cac using a pair of capillary
numbers. For example, Cac is between 5.02×10-2 and 6.42×10-2 in Figure 5.7 since
coalescence occurs at Ca=5.02×10-2 but does not occur at 6.42×10-2.
In Figure 5.8, the profile of h is plotted as a function of the dimensionless time at
various Ca. For small Ca, the separation keeps decreasing until the drops coalesce. For
the cases where coalescence does not occur, h goes through a minimum then rises as time
progresses, except the case where Ca=6.42×10-2. In this simulation, h experiences another
minimum after it passes the primary one. This behavior can be understood by examining
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Figure 5.8 The profile of separation h as a function of time
the evolution of the drop shape, which is shown in Figure 5.5. The separation h decreases
as the drops are entering the pore throat and reaches the primary minimum before the
trailing interfaces of the drops move into the pore throat. After the trailing interfaces pass
the pore throat, h rises slightly, as more lateral area is made available to the suspending
fluid. However, after the drops leave the pore throat and no longer feel the constriction
wall, the interfacial tension tends to restore the circular shape and causes h to drop again.
It is unclear if this second film thinning process can lead to coalescence, which is not
observed in our simulations. Finally h increases as the drops move closer to the
downstream boundary.
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In some simulations we observe that coalescence occurs right after a film is
identified, probably due to the jump in hc. Although the method we use to recognize the
formation of film provides smooth evolution in the film diameter, the transition from 0 to
some finite value, even if this value is very small, causes a jump in the critical thickness.

5.4.2 Effect of Interfacial Tension
In Figure 5.9 the coalescence conditions are plotted as a function of γ . Each pair of
points represents two simulations where coalescence occurs at the lower point and does
not occur at the upper point, with Cac being located between them. The other parameters
are the same as those shown in Table 5.1. We should mention here that the system
presented in Table 5.1 is used as a base case and, if not otherwise noted, we will use those
values for our simulation parameters other than the one of interest.
1
Coalesced
Not Coalesced

Ca
0. 1

0. 01
0. 00001

0. 0001

0. 001

0. 01

Interfacial tension (N/m)

Figure 5.9 Effect of the interfacial tension γ on critical coalescence condition
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It is found that the critical capillary number Ca decreases slowly with increasing
interfacial tension γ , which agrees with the observation of Hu et al. (2000) in their
experiments, where they found that, with the presence of surface-active molecules, Cac
increases slightly with increasing surface coverage, i.e. decreasing γ. This is probably due
to the effect of γ on the critical thickness hc, as our results show that lowering γ by one
order of magnitude doubles hc. Because the minimum separation hmin is controlled by Ca
rather than γ , it is easy to understand that larger interfacial tension corresponds to
smaller Cac.
The critical capillary number Cac in our work is one order of magnitude smaller than
that predicted by Zhou et al. (2003), where they scale Cac by λ− 2 / 3 (

6 AH 2 / 9
) in an
π 2γ a 2

unbounded simple shear flow using equation (2-17). Moreover, the dependence of Cac on
the interfacial tension γ obtained through our simulations is also much weaker, i.e.

Ca c ~ γ −0.06 . This may be attributed to the stronger dependence of hmin on Ca and the
weaker dependence of hc on γ in our simulations. By equating hmin and hc, one may find
through scaling arguments that the above two factors leads to a much weaker dependence
of Cac on γ .

5.4.3 Effect of Viscosity Ratio
Figure 5.10 shows the influence of the viscosity ratio λ on the coalescence
behavior.
For low to intermediate viscosity ratio, i.e. 0.1 < λ < 5 , it appears that the effect of
the constriction is not prominent, since the dependence of Cac on λ shows the same
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Figure 5.10 Effect of the viscosity ratio λ on critical coalescence condition. The line
corresponds to the results of Hu et al. (2000): Ca c ~ λ−0.41
behavior as that in a simple shear flow (Hu et al. 2000), which is represented by the fitted
line in Figure 5.10. This also qualitatively agrees with the power law behavior predicted
by simple scaling, as shown in the previous section. For the cases where λ > 5 , however,
the critical capillary number Cac increases dramatically with increasing λ . When the
viscosity of the drop phase is high, it takes longer time for the drops to respond to the
change of the flow type, i.e. converging to diverging, as they move through the pore
throat. Figure 5.11 shows the snapshots of drops just before they coalesce for λ =1
and λ =20. Unlike the drops with λ =1, where the film ruptures at the advancing parts of
the drops as they enters the pore throat, coalescence of drops with λ =20 actually occurs
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(a) λ =1. Ca=5.02×10-2

(b) λ =20. Ca=6.52×10-2
Figure 5.11 Snapshots of drops just before they coalesce
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after the advancing parts of drops have passed the pore throat. The trailing parts,
however, keep their shape as they enter the pore throat and cannot deform quickly enough
to prevent the coalescence.

5.4.4 Effect of The Type and Concentration of Added Electrolytes
In our simulations, we restrict our interest at symmetric electrolytes to avoid the
complexity asymmetric electrolytes may cause in computing the electrostatic force.
Bearing in mind the strong destabilizing fact of Al3+, one may be surprised to learn
that Cac is not affected by the type and concentration of the added electrolyte in our
simulations. This is because, given that the drop size is in the order of 10 µm, the film
becomes unstable and ruptures when h is larger than 100 nm, at which the surface forces
are negligible as compared to the hydrodynamic force. Although the added eletrolyte
influences the critical thickness hc, we do not observe any significant difference in the
coalescence behavior. Similar behavior was also reported by Danov et al (2003), who
through numerical works found that the magnitude of the van der Waals force is
insignificant to the stability of films with a radius ranging from 5 to 50 micrometers.
In a system where the drop size is smaller by a factor of 10, i.e., a~1 µ m, and other
parameters remain the same, the coalescence behavior responds differently to the change
in the added electrolyte. Figure 5.12 shows the profile of h for two different
concentrations of the added electrolyte, which is assumed to be a 1:1 type. For the
simulation where C1:1 = 10-5 M, the drops do not coalesce and the behavior of h is similar
to that shown in Figure 5.8. On the other hand, drop coalescence is observed when C1:1 is
increased to 1 M. More importantly, a steep change in h is observed as it approaches the
critical value, most likely due to the dominance of the van der Waals force in the absence
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of strong repulsive surface forces. The profile of h is also shown for the case where

C3:3 =10-5 M. The curve basically coincides with the curve of C1:1= 1 M, indicating that
the electrostatic surface force is completely suppressed at such a low concentration of
multivalent ions, which qualitatively agrees with the results of our experiments on the
stability of CLAs. The stabilizing effect of multivalent ions at high concentration is not
observed here since we do not include the surface binding effect in our simulations.
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Figure 5.12 The profile of h with different added electrolytes.
The drop radius is 1 µ m. Ca ≈ 7×10-2

101

80

90

5.4.5 Effect of Geometric-related Parameters
As expected the droplet/pore size ratio plays an important role on coalescence of
droplets in porous media as shown in Figure 5.13. For the droplet/pore size ratio between
1.07 and 1.6, it does not have much effect on Cac. When 2a/Rt approached unity,
however, the critical capillary number dramatically drops one order of magnitude. For the
case where 2a/Rt = 0.93, coalescence does not occur at vanishing capillary number.
For the case where 2a/Rt =1.67, we are not able to make the two drops pass the pore
throat and not coalesce without violating the assumption of the Stokes equation.
However, rather than being caused by the constriction, this is most likely caused by the
fact that, since the pore body to throat ratio is fixed, we increase the value of 2a/Rt by
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Figure 5.13 Effect of the drop to pore size ratio 2a/Rt on critical coalescence
condition
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increasing a. Because the initial positions are also fixed, the initial separation becomes
smaller as a increases, which subsequently make the drops coalesce during the initial
stage of the simulation.
Figure 5.14 shows the results for simulations using varying pore body to throat size
ratios. The value of Rb/Rt ranges from 1.67 to 5 while other parameters including a/Rt
remain constant.
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Figure 5.14 Effect of the pore body to throat size ratio Rb/Rt
on critical coalescence condition

It appears that Cac is not as sensitive to the change of Rb/Rt as to that of a/Rt. The
steep change at low Rb/Rt value is also due to the effect of fixed initial positions, as
explained above. We do not observe the significant destabilizing effect of large pore body
to throat size ratio in our simulations as that described by Singh et al. (1997) for foam
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films. This is because the film they studied is perpendicular to the flow direction and is
broken by the rapid film stretching in pores with large body-throat size ratio while the
film moves from a pore throat to a pore body. This effect is missing in our simulations
since our film is parallel to the flow direction.

(a) Geometry 1: Sinusoidal

(b) Geometry 2: Quadrate
Figure 5.15 Two types of pore geometry
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Two types of pore geometry that are considered in the current work are shown in
Figure 5.15. The first is the sinusoidal geometry and the second is the quadrate geometry.
The constriction in Figure 5.1 corresponds to the first geometry with zero throat length.
These geometries are commonly used in the modeling of multiphase flow in porous
materials (Constandinides and Payatakes 1991, 1996, Graham and Higdon 2002,
Ramachandran et al. 2000).
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Figure 5.16 Effect of the type of pore geometry on critical coalescence condition
The critical condition is plotted as a function of the ratio of the throat length over
the constriction length Lt/Lc in Figure 5.16. For sinusoidal geometry, Cac increases slowly
with increasing throat length. Because of the fixed length of the constriction and initial
positions of drops, a long pore throat means that the drops are closer to the throat
entrance initially, which requires larger capillary number to prevent coalescence. Cac
shows the same behavior for the quadrate geometry, except that the value of Cac is
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slightly larger than that for sinusoidal pores with same throat length. In both types of
geometry, the critical capillary number shows a weak dependence on the throat length.

5.5 Discussion
Our simulations show that drop deformation plays an important role in determining
whether two drops coalesce as they are pushed through a constricted tube. The
coalescence behavior is most sensitive to the parameters relevant to drop deformation, i.e.
the capillary number Ca and the viscosity ratio λ . This fact is also emphasized by the
fact that the results of our simulations depend on the initial positions of the drops. If the
droplets are placed far away from the entrance of the pore, they may experience large
deformations before they reach the pore throat and pass it without coalescence. If they are
placed near the entrance of the pore, however, there may not be enough time for them to
deform and they may coalesce before entering the pore throat. One way to address this
concern in the simulations is to prolong the upstream part of the constriction with a
straight tube, which allows the drops enter the pore throat in their equilibrium shape.
Another issue that is related to the initial positions of the drops is the initial offset.
Preliminary simulations using the set of parameters shown in Table 5.1 show that, if the
initial horizontal offset is larger than one half of the drop radius, coalescence does not
occur even at vanishing Ca. In such a case, the simulation ends as that the drop closer to
the pore throat moves through the pore first, followed by the other drop. This fact
suggests that coalescence may occur only when two drops enter the pore simultaneously
or almost simultaneously.
Among the geometric-related parameters, the drop to pore size ratio a/Rt appears to
be the most significant one. It is found in our simulations that the effect of the type and
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concentration of the added electrolyte is significant only for small drops, e.g. a ~ 1 µ m.
Because the CLA used in the column experiments contained aphrons larger than 10 µ m,
one may conclude from the results we present in Chapter 4 that those aphrons were either
poorly destabilized or destabilized by other mechanisms rather than being pushed through
pores, such as collision in the suspending fluid. It is also possible that the destabilizing
efficiency of Al3+ depends on the size distribution of CLAs, which needs to be
experimentally verified in future work.
It should be noted that the parameters used in our simulations deviate from those in
the column experiments described in the previous Chapter. The drop to pore size ratio is
relatively large as compared to that in the column experiments, where the capillary
number is approximately one order of magnitude smaller than in the simulations. The
former enhances the coalescence, whereas the latter prohibits it. Although it remains
unclear which one is dominant, we expect that the results of our numerical simulations
qualitatively agree with those in real porous media.
The results of our simulations reveal that coalescence could occur even if the van der
Waals force is not significant, i.e. the critical thickness hc is much larger than the value at
which the surface forces come into play. In this case, the hydrodynamic forces dominate
when the film ruptures, which brings into question whether it is valid to scale hc by
comparing the magnitude of the van der Waals force with that of the hydrodynamic
forces, i.e. (2-17).
For two approaching surfaces, the lubrication force is usually very strong when the
film becomes very thin. However, we calculated the lubrication force in the three regimes
of surface mobility as described in Davis et al. (1989) and found that, given the
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parameters used in our simulations, the lubrication force is not significant as compared to
other forces. Therefore, we did not include the lubrication force in our simulations.
It is found both numerically and experimentally that a dimple will develop in the
center of the film during the drainage process (Bazhlekov et al. 2000, Frankel and
Mysels1962, Yiantsios and Davis 1991). However, we failed to capture this behavior in
our simulations, probably due to the resolution limit in the film. Because it is believed
that this dimple has significant effect on the film drainage process, it should be
considered in future modeling work.
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CHAPTER 6
CONCLUSIONS AND FUTURE RESEARCH
DIRECTIONS
6.1 Conclusions
Dealing with aquifers contaminated by DNAPLs, a long-term threat to subsurface
ecology and human health, is difficult and sometimes risky, because of their low
solubility in water and potential for downward migration. Density modification methods
that work by introducing light chemicals into the contaminated zone were proved to be
effective for in-situ creation of gravitationally neutral NAPL contaminants. Polyaphrons
were used in this novel procedure. They are a kind of macroemulsion and usually are
composed of an organic phase, containing a non-ionic surfactant, and an aqueous phase,
containing either an ionic or non-ionic surfactant. The most distinctive feature of
polyaphrons is their high stability as compared to other HIPREs. Polyaphrons with an
ionic aqueous-phase surfactant can be effectively destabilized by contacting with
multivalent ions carrying charges opposite to the surfactant. The switch-like properties of
polyaphrons make them an ideal choice as to deliver the light chemicals into the
contaminated zone.
We showed that both the organic- and aqueous-phase surfactants are necessary to
maintain the high stability of polyaphrons. Contacting with 2 mM Al3+ can completely
destabilize CLAs in a short period of time, a consequence of the strong surface binding of
Al3+, whereas Na+ remains ineffective for a concentration range of 12 ~ 600 mM. For
both Al3+ and Ca2+, the stability of CLAs showed a minimum in the concentration of the
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added electrolyte, which corresponds to surface charge neutralization. Because ions
continue to bind onto the drop surface, the multivalent electrolytes have a stabilizing
effect beyond this concentration. When the continuous phase is water, increasing the
concentration of the aqueous-phase surfactant enhances the stability of polyaphrons,
whereas the trend is in the opposite direction when the continuous phase is 2 mM Al3+
solution. The stability of CLAs was found to be independent of the preparation method.
The storage modulus of polyaphron samples was measured and fitted to obtain the
interfacial bending modulus Kc under various conditions. The results showed that the Kc
for polyaphron samples was comparable to that for HIPRE samples that contained the
organic-phase surfactant only. The fitted values of Kc were close to those of surfactant
bilayers in literature.
Considering the results of our experiments and the evidence presented in literature,
we find it probable that polyaphrons have a bilayer structure while CLAs have a mixed
monolayer structure. We expect a structural transition at a certain point as polyaphrons
are diluted to CLAs, although this theory needs to be verified.
We proposed a novel density-modification procedure utilizing the switch-like
behavior of polyaphrons and examined its efficiency on removing DCB from a 30-cm
long sand pack. In a typical treatment, a CLA made with hexane was injected into the
column to saturate the contaminated zone, followed by a solution of Al3+ to destabilize
the CLA. HTAB solution was injected at last to promote the mobilization of DCB.
Density difference reversal was achieved by the mixing between destabilized CLA and
DCB. Vertical flow experiments showed that our method effectively prevented
downward migration of DCB during surfactant flooding. Depending on the injection
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strategy and initial distribution of DCB, 70 to 97% of DCB entrapped in the sand pack
was recovered, with the volume ratio between hexane and DCB being 8. Most of the
DCB was recovered in a bulk organic phase that was lighter than water, i.e. the density
difference was successfully reversed in situ. In further experiments, with appropriate
process design, we successfully controlled the undesired DCB migration with a
hexane/DCB ratio of 4. There was also some evidence showing that the DCB was
converted to an LNAPL phase.
As our density-modification method strongly depends on the coalescence behavior
of CLA in porous media, we developed a BEM model to study the interaction and
coalescence behavior of a pair of drops of equal size while they are pushed through a
constricted tube. We presented the critical coalescence condition over a wide range of
system parameters, including the interfacial tension, the viscosity ratio, the type and
concentration of the added electrolyte, the drop to pore size ratio, the pore body to throat
size ratio and the type of pore geometry.
Our simulations show that drop deformation, which is characterized by the capillary
number Ca, plays an important role in determining whether two drops coalesce as they
are pushed through the tube. We found that the coalescence condition can be represented
by a critical capillary number Cac: when Ca>Cac, the drops move through the
constriction without coalescence; when Ca<Cac, the drops coalesce when they are pushed
together.
Besides the capillary number, another parameter relevant to drop deformability is the
viscosity ratio λ . When λ <5, Cac is a decreasing function of λ and the dependence of

Cac on λ follows a power law similar to that showed by Hu et al (2000). It appears that,
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in this range of λ , the effect of the constriction is not prominent. When λ >5, however,
the constriction begins to affect the drops, and Cac increases steeply with increasing
viscosity ratio. The effect of the interfacial tension γ comes through the critical thickness

hc and is insignificant as compared to that of λ .
The concentration and the type of added electrolytes were found to be insignificant
for the drop interaction for drops whose size is around 10 µ m. In this case, the critical
thickness is of the order of 100 nm, where hydrodynamic force dominates the interaction
and all surface forces can be neglected. For micron-sized drops, however, the
concentration and type of the added electrolyte was found to be significant. For a fixed

Ca, coalescence occurs at C1:1 =1 M but does not occur at C1:1 = 10-4 M. At the same Ca,
the drop behavior at C3:3 = 10-5 M is very similar to that at C1:1 =1 M. The stabilizing
effect of multivalent ions at high concentration is not observed here since we do not
include the surface binding effect in our simulations.
Among the geometric-related parameters, the drop to pore size ratio 2a/Rt appears to
be the most significant one. If 2a/Rt <1.07, the critical capillary number Cac drops
dramatically with decreasing 2a/Rt, while the same trend holds for 1.07< 2a/Rt <1.6, but
the effect is less pronounced.

6.2 Future Research Directions
6.2.1 Structure of Polyaphrons
Despite the evidence we provide in the present work, more direct evidence is
necessary to establish a solid structure model for polyaphrons. A disjoining pressure
isotherm as the one shown in Figure 2.3 will provide useful information on the interfacial
structure of the surfactant molecules. The disjoining pressure isotherm can be obtained
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several ways, one of which is centrifuge experiments. In a centrifuge field, the disjoining
pressure, which is actually an excess osmotic pressure in the thin water film, balances the
centrifugal force. This fact allows one to calculate the disjoining pressure at a certain
position of the centrifuge tube. By measuring the film thickness at that position, we
obtain a point on the disjoining pressure isotherm. After the whole isotherm is
established, it can be fitted for the parameters characterizing the interfacial structure.

6.2.2 Remediation
To improve the performance of the polyaphron treatment, the most important
fundamental question that must be addressed is the mechanism of microscale mixing
between the two organic phases. It is unclear whether mixing occurs during
destabilization or the bulk DNAPL must be mobilized before mixing occurs. We propose
that column experiments using ordinary emulsions with the organic-phase surfactant only
and without the final surfactant flooding may provide useful information on this issue,
since the dispersed emulsion to some extent resembles the destabilized CLA. If sufficient
mixing occurs at this stage and the density difference is reversed, we expect that the
NAPL phase could be displaced by water, since it is illustrated in Chapter 5 that the
surfactant in CLAs can mobilize the DNAPL phase.
Our vertical column experiment demonstrates the potential of the polyaphron
treatment as a density modification method. In reality, however, the flow direction of
subsurface chemical injection is usually horizontal rather than vertical. Moreover, the
porous media is rarely as homogeneous as what was used in our experiments. Therefore,
in order to evaluate the performance of our density modification method in practice and
to prepare for a pilot-scale or field test, it would be a good idea to expand our flow
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experiment in a two-dimensional sand pack with horizontal flow and less homogeneous
media.

6.2.3 Numerical Simulation
The surfactant adsorbed on the interface has a profound effect on the coalescence
between droplets. The well-known Marangoni effect, which is associated with the
redistribution of surfactant molecules on the interface, resists film thinning and thus
prohibits coalescence. However, if the surfactant coverage on the interface is near its
maximum, the surface becomes both incompressible and immobile, which enhances the
coalescence. It was also revealed that, if the surface concentration of surfactant is
different on two approaching surfaces, the diffusion of surfactant across the liquid film
between drop surfaces has a destabilizing effect (Danov et al. 2003). For these reasons,
the transport of surfactant molecules on interfaces and between the bulk phase and
interface should be considered in future modeling work.
The coalescence is controlled by the dynamics of the thin film between interacting
drops, meaning that the near-contact region of the drop surfaces desires more
consideration. A strategy that allows closer examination is to treat the near-contact region
as a separate domain, for which a separate set of boundary integral equations would be
formulated. By matching the solution to that of the outer domain, one can obtain more
accurate information on the film drainage process and capture more subtle behavior such
as the formation of dimples in the film.
In the present work, assuming that the constriction wall is weakly charged, the dropwall interaction is neglected. However, this assumption is only valid for near-neutral pH
value. At very high or low pH value, the wall could be strongly charged and its
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interaction with the drops is believed to be responsible for drop coalescence and hold-up
in porous media (Soma and Papadopoulos 1995, Vidrine et al. 2000). Therefore, the
surface forces between the drop surface and the constriction wall should be included in
the body force term of the Stokes equation.
As mentioned in Chapter 5, the system of our present simulation differs from that of
the column experiments in the capillary number and the drop to pore size ratio, which
makes our numerical simulations only a qualitative reflection of the drop interaction in
real porous media. In future modeling work, we propose to consider the situation where a
cluster of drops whose size is much smaller than the length scale of the pore is pushed
through a constricted tube. Although this new problem represents many numerical
difficulties, e.g. how to define a film when three or more drops are interacting, and the
computational cost is much higher, its result will greatly benefit the understanding of
microscale destabilization in porous media. For example, it will allow us to relate the
coalescence behavior to macro-properties of CLA such as the size distribution.
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